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AN ANALYTICAL STUDY OF HYDROGEN COOLED 

PANELS FOR APPLICATION TO HYPERSONIC AIRCRAFT 

By W. G. F l i e d e r ,  C.  E. Richard, 0. A. Buchrnann, and F. M. Walter5 
The G a r r e t t   C o r p o r a t i o n  

A iResearch   Manufac tur ing   D iv is ion  

SUMMARY 

A d e t a i l e d   a n a l y t i c a l   s t u d y  was  made of   conceptual   des igns  for   hydrogen 
C(:~GIE.,I  f l a t   p a n e l s .  The work done i n   t h i s   s t u d y  was p a r t   o f  a comprehensive 
i n v e s t i g a t i o n ,   c o m p r i s e d   o f   v a r i o u s   a n a l y t i c a l  and exper imenta l   s tud ies,   in tended 
t o  dI-..i-ine the   p rob lems   assoc ia ted   w i th   t he   des ign  and f a b r i c a t i o n   o f   s t r u c t u r a l l y  
t . f ' : i c i en t   regenera t i ve l y   coo led   pane ls .   I n   t h i s   p rog ram,   t he   coo lan t   i s   hyd ro -  
(3e11, and the   pane l   l oad ing   cond i t i ons   a re   rep resen ta t i ve  of  t h e   i n t e r n a l  and 
e ~ t e r n a l   s u r f a c e s   o f   h y p e r s o n i c   a i r c r a f t .  The des ign  and f a b r i c a t i o n   r e q u i r e -  
m e n t s  of  the   pane ls  and s u p p o r t i n g   s t r u c t u r e   a r e  based  on s t a t e - o f - t h e - a r t  
1 1 ~ 1 : e r i a I s  and fab r i ca t i on   t echn iques .  

The s tudy  o f   conceptual   des igns was per fo rmed  fo r  a range   o f   hea t   f l uxes  
frorn I O  t o  500 B t u / s e c - f t 2  ( I  14 t o  5680 kW/m2) and fo r   p ressu re   l oads   f rom 7 t o  
250  p s i  ( $ 8  t o  1720 kN/m2). A v a r i e t y   o f   c o n c e p t u a l   d e s i g n s  was screened on the  
b a s i s  o f  con f   igura t   ion   we igh t  and coolant   consumpt ion,   and  three  representat ive 
cieSigns  were  examined i n   d e t a i l .  The three  concepts  were ( I )  a sir,gle-sandwich 
r.r.rnfigtJration i n   w h i c h   b o t h   t h e   s t r u c t u r a l   l o a d - c a r r y i n g   c a p a b i l i t y  and t h e  
coolant conta inment   and  f low  rou t ing  were  provided; ( 2 )  a composi te   conf igura-  
t i on   i n   wh ich   t he   coo lan t -p ressu re -con ta in ing   su r face   hea t   exchanger  was meta l -  
I t 1 : y t c a l l y  bonded t o   t h e   s t r u c t u r a l   l o a d - c a r r y i n g   p a n e l ;  and ( 3 )  a coo led   sh inq l r  
COI'I~ i yu ra t   i on   i n   wh ich   t he   su r face   hea t   exchanger  was mechan ica l l y   a t tached   to  
t t l e  low- tempera ture   load-car ry ing   s t ruc tu re .  

Con f igu ra t i on   we igh ts  and coolant  requirements  were  calculated,  and  the 
ran<jes o f   a p p l i c a t i o n  o f  the  three  concepts  (based  on minimum weights)  were 
determined. The s ing le -sandw ich   con f igu ra t i on  showed to   bes t   advantage  a t  
heat   f luxes  be low 100 B t u / s e c - f t 2  ( I  140 kW/m2) and  normal  pressures  below 50 p s i  
( 3 4 5  kN/m*).  Panel we igh ts   fo r   th is   concept   ranged  f rom 1.8 t o  4 l b / f t 2  ( 9  t o  
20 kg/m2).  For  normal  pressures  greater  than  about 75 p s i  (517 kN/m2), t h e  
r e y e n e r a t i v e l y   c o o l e d   s h i n g l e  was super io r .   Pane l   we igh ts   fo r  t h i s  concept 
ranged  from 5 t o  8 I b / f t 2  ( 2 4  t o  39 kg/m2). The compos i te   con f i gu ra t i on  was 
l i g h t e s t   i n   t h e   i n t e r m e d i a t e   r a n g e  and was compe t i t i ve   ove r  a wide  range  of  
hea t   f l uxes  and pressures.  

i i ,  

Deta i led   p rocedures   used  to   ana lyze  and op t im ize   the   des igns   a re   p resented  
! i n   t h e   a p p e n d i x e s   t o   t h i s   r e p o r t .  Heat t r a n s f e r ,   f l u i d   f l o w ,  and m a n i f o l d i n g  

ana lyses   a re   p resented   in  a re la ted   s tudy .  

I _  
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INTRODUCTION 

I n   h y p e r s o n i c   c r u i s e   v e h i c l e s ,  one o f   the   bas ic   des ign   p rob lems  i s   tempera-  
t u r e   c o n t r o l   o f   t h e   s t r u c t u r a l   e l e m e n t s   w i t h i n   t h e   l i m i t s   s e t  by c u r r e n t   m a t e r i a l  
t echno logy .   Fo r   spacec ra f t   and   research   a i r c ra f t   t ha t   a re   exposed   to   t he   seve re  
thermal   env i ronment   o f   hyperson ic  speeds f o r  a r e l a t i v e l y   s h o r t  time, o r   t h a t  can 
b e   r e f u r b i s h e d   a f t e r   e a c h  f l  ight ,   temperatures  have  been  cont ro l   led  by  e i ther  
des ign ing   t he   veh ic le   as  a h e a t   s i n k   o r   u s i n g   a b l a t i v e   c o a t i n g s .  These  methods 
o f   t h e r m a l   p r o t e c t i o n   a r e   n o t   a t t r a c t i v e ,  however, f o r   hype rson ic   c ru i se   veh ic les .  

A l t h o u g h   m a j o r   p o r t i o n s   o f  a h y p e r s o n i c   a i r c r a f t  can  and will be r a d i a t i v e l y  
c o o l e d ,   t h e   r a d i a t i o n   e q u i l i b r i u m   t e m p e r a t u r e s  will e x c e e d   t h e   m a t e r i a l   l i m i t a -  
t i o n s   i n  some areas,  and some a c t i v e  means o f   t he rma l   p ro tec t i on  will be neces- 
sary.  A p a r t i c u l a r l y   s e v e r e   c o n d i t i o n   o c c u r s   i n   t h e   e n g i n e  and i n l e t   a r e a s  
where r a d i a t i o n  may be b locked ,   resu l t i ng   i n   ve ry   h igh   hea t ing .  Some f o r m   o f  
ac t i ve   coo l ing   i s   mandatory   in   these  a reas .   Regenera t ive   coo l ing  i s  e s p e c i a l l y  
a t t r a c t i v e   f o r   t h i s   a p p l i c a t i o n  because  cryogenic  hydrogen,  which  has  been  pro- 
posed as a f u e l   f o r   t h e   h y p e r s o n i c   c r u i s e   v e h i c l e ,   i s   a l s o  an e x c e l l e n t   c o o l a n t .  

Regenerat ive  cool ing  has  been  used  successfu l ly   for   hydrogen- fue led  rocket  
e n g i n e s ,   b u t   i n   c o n t r a s t   t o   t h e   r o c k e t   e n g i n e   a p p l i c a t i o n s   t h a t   a r e   c h a r a c t e r i z e d  
by smal l   a rea ,   h igh   heat   f luxes ,   and  shor t   opera t ing   t imes,   a i rb rea th ing   hyper -  
s o n i c   c r u i s e   a i r c r a f t  will have  la rge   a reas   o f   low- to -modera te   heat   f lux  and 
will be e x p e c t e d   t o   o p e r a t e   f o r  much longer   per iods  o f   t ime.   Consequent ly ,  
we igh t   cons ide ra t i ons  and coo lan t   conse rva t i on  become paramount f o r   t h e s e  
v e h i c l e s .  

To i n v e s t i g a t e   t h e   p r o b l e m s   a s s o c i a t e d   w i t h   t h e   d e s i g n  and f a b r i c a t i o n   o f  
e f f i c i e n t   r e g e n e r a t i v e l y   c o o l e d   s t r u c t u r a l   p a n e l s ,  a comprehensive  study  program 
was i n i t i a t e d .  The a n a l y t i c a l   s t u d i e s   d e s c r i b e d   i n   t h i s   r e p o r t  and those 
r e p o r t e d   i n   r e f e r e n c e  I were p a r a l l e l   e f f o r t s   p e r f o r m e d  as p a r t   o f   t h i s   i n v e s t i -  
ga t ion .   Reference I p r e s e n t s   t h e   r e s u l t s   o f  ( I )  a n a l y t i c a l   s t u d i e s   o f   t h e   h e a t  
t r a n s f e r  and f l u id   f l ow   pe r fo rmance   o f   f l a t ,   hyd rogen-coo led   hea t   exchanger  
panels  and ( 2 )   a n a l y t i c a l  and  exper imenta l   s tud ies   o f   assoc ia ted   man i fo ld ing  
systems. The r e s u l t s   p r e s e n t e d   i n   t h i s   r e p o r t   a r e   f o r   a n a l y t i c a l   s t u d i e s   o f  a 
w i d e   a r r a y   o f   c o n c e p t u a l   d e s i g n s   f o r   f l a t ,   h y d r o g e n - c o o l e d   s t r u c t u r a l   p a n e l s .  
The  assumed opera t i ng   cond i t i ons   i nc luded   hea t   f l uxes   o f  IO t o  500 B t u / s e c - f t 2  
( I 14 t o  5680 kW/m2) and  normal  pressures  of 7 t o  250 p s i  (48 t o  1720 kN/m2). The 
s tud ies   were   conce rned   w i th   t he   s t ruc tu ra l  and  heat   t ransfer   des ign  problems  o f  
the   var ious   pane l   concepts .   Procedures   were   deve loped  tha t   were   used  to   in te -  
g r a t e   t h e   h e a t   t r a n s f e r  and s t r u c t u r a l   d e s i g n s  and t o   m i n i m i z e   t h e   c o n f i g u r a t i o n  
weight .  

N u m e r i c a l   r e s u l t s   f o r   t h r e e   c o n c e p t s   a r e   p r e s e n t e d   t o   i n d i c a t e   v a r i a t i o n s  
in   pane l   we igh t  and c o o l a n t   f l o w   r a t e   i n   r e s p o n s e   t o  changes in   hea t   f l ux ,  
pi 'ess~.lre  load, and coaj lant   out le t   temperature.  The range o f   a p p l i c a b i l i t y   o f  
each  o f   the   th ree   concepts  i s  i n d i c a t e d   w i t h  minimum weight  a s  a c r i t e r i o n .  
A l t h o u g h   n o   s p e c i f i c   a p p l i c a t i o n s  were  invest igated,   the  data  obta ined  can be 
d i r e c t l y   u s e f u l   i n   v e h i c l e  and  engine  design. 
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SYMBOLS AND PARAMETERS 

- area, ft2 (m2) 

flow area, ft2 (m*> 

- aluminum 

,., length, in. (cm) 

- length, fin or web spacing, w 

center1 ine 

beam merit parameter, 

- panel mer it parameter, 

- length, beam spacing, 

- diameter, in.  (cm); st 

- length, beam spacing, 

,., appl ied moment, 1 b- 

,., number of cycles to 

- pressure, psi or ps 

,., heat transfer rate, 

'idth, in.  (cm) 

\b2/3 (,4/3/~2/3) 

in./lbl/*  (m/N'l2) 

in. (cm) 

iffness, in.2  (m2); OD = outside diameter 

in. (cm) 

- elastic modulus, psi ( kN/m2) 

N force, Ib (N) 

shear modulus, psi (kN/rn2) 

,., enthalpy, Btu/lb (J/g); hydrogen 

- height, spacing, in. (cm) 

,., Inconel 

- buckling coefficient 

thermal conductivity, Btu/hr-'R-ft(W/m-'K) 

- panel  length, in.  (cm) 

,., effective length, in. (cm) 

in. (N-m) or lb-in./in.  (N-m/m) 

failure, number, number of fins/unit width 

ia ( kN/m2) 

Btu/sec (kW) 

3 



R p l a i n   r e c t a n g u l a r   f i n  

RA reduc t   i on   i n   a rea  

RO r e c t a n g u l a r   o f f s e t   f i n  

'h 

Sn N 

T N 

f 
DMW 

N 

t N 

- 
t N 

W N 

W N 

hydrau l i c   rad ius ,   i n .  (cm) 

t i n  

temperature, O R   ( O K )  

des ign maximum wal l   tempera ture  = T co + ATfi,, + 213 ( A T w a l l ) ,  O R  (OK) 

thickness,  in.  (cm) 

e f f e c t i v e   t h i c k n e s s ,   i n .  (cm) 

f l ow   ra te ,   I b / sec   ( kg /s )  

width,  in.  (cm) 

x - general  unknown v a r i a b l e  

Y - genera l  unknown v a r i a b l e  

Z,z - s e c t i o n  modulus,  in.3 (m3) o r   in .3 / in .  (m3/m) 

CY thermal   expans ion   coe f f i c ien t ,   in . / in . - 'F  (m/m-OK) 

B - bean1 and  pane l   re la t   i ve   we igh t  

V - mater ia l   dens i ty ,   Ib / in .3   (kg /m3)  

a - change  in,  increment o f  

V - d i f f e r e n t i a l   o p e r a t   i o n  

6 b u c k l i n g   c o e f f i c i e n t   r a t i o  

G - s t r a i n ,   i n . / i n .  (m/m) 

rl - p l a s t i c i t y   r e d u c t i o n   f a c t o r  

8 - t r i a n g u l a r   f i n  angle,  degrees 

U P o i s s o n ' s   r a t i o  

0 - s t r e s s ,   p s i  (kN/m2)  

4 



7 - shear   s t ress,   ps i  ( kN/m2) 

@ Iv s t r e s s   f u n c t i o n ,   I b  ( N )  

n - [ I / ( I  - u)] (E cy T),  p s i  (kN/m2) 

Subsc r ip t s :  

a 

a1 1 

b 

bm 

C 

C 

cc 

F 

f 

f i n  

H 

I 

min 

0 

OP 

OP t 

P 

P l  

R 

r e f  

T 

- a1 l o t t e d ,  a1 lowable 

- a1 lowable 

boundary 

- beam 

- coo lan t  

- core  

- c r i t i c a l  

- f i n   t ' i p  ( location  in  heat  exchanger  most  remote  from  aerodynamic 
surface), f 1 ange 

- face  sheet , f r a c t u r e  

- f i n  

- hydrogen 

- I n l e t  

- minimum 

- o u t l e t  

- opera to r  

- op t  imum 

- p l a s t i c  

- panel 

*, recovery 

- r e f  e rence 

- t o t a l  

5 
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t tangent  

WH ru aerodynarni c h e a t e d   s u r f a c e   o f  hot w a l l  

W - web 

Y y i e l d  

Heat  exchanger  geometry  nomenclature: 

F in   geomet ry   i s   des igna ted   w i th  a 4-par t   nomenclature 

20(7.9)R- 0 .  lOO(0.254) - 0.004(0.010> 

L t f i n '   i n .  (cm), f i n   t h i c k n e s s  

in .  (cm), f i n   h e i g h t  

Des ignat   ion   o f   c ross   sec t ion   and/or   t ype  o f  f l o w   l e n g t h   i n t e r r u p t   i o n  
R i s  f o r   p l a i n   r e c t a n g u l a r   f i n s   ( n o   f l o w   l e n g t h   i n t e r r u p t i o n ,   n o t  shown) 
RO i s  f o r   r e c t a n g u l a r   o f f s e t  f i n s  

Fin  spacing, N = I /bf in,  f i n s / i n .  ( f  ins/cm) 

t 
f i n  

T u b u l a r   f i n s  

8 h f i n  *f 

*T 
L = 8 r  - h '  

R e c t a n g u l a r   o f f s e t   f i n s  

A - 2 ~ 1 3 4  

6 



This   s tudy  dea 

STATEMENT OF PROBLEM 

Gene r a  1 P rob  1 em 

It wi th  t h e   d e f i n i t i o n   o f   r e q e n e r a t  i ve ly   coo led   pane l   concepts  
and w i t h  the  development o f   suppor t i ng   ana lys i s - techn iques .   Va r ious   con f   i gu ra -  
t i ons   o f   t he   ma jo r   pane l   e lemen ts ,   such   as   t he   p r ime   s t ruc tu re   and   t he   hea t  
exchanger,  were  defined,  and t h e i r   s p e c i f i c   f e a t u r e s  and  ranges o f   a p p l i c a b i l i t y  
were  determined. The var ious  suppor t ing  analyses  used t o  eva lua te   each  conf ig -  
u r a t i o n   i n v o l v e   p r a c t i c a l   e n g i n e e r i n g   p r o b l e m s   o f   m a t e r i a l   a p p l i c a t i o n  and 
f a b r i c a t i o n ,   s t r u c t u r a l   d e s i g n  and  ana lys is ,   and  heat   t rans fer   and  f lu id - f low 
ana lys i s .  A s i m p l i f i e d   s c h e m a t i c   d e t a i l i n g   t h e   c o n s i d e r a t i o n s   i n v o l v e d   i n   t h e  
a n a l y s e s   a n d   i l l u s t r a t i n g  some o f   t h e   i n t e r a c t i o n s   o f   t h e s e   a r e a s   i s   p r e s e n t e d  
i n   f i g u r e  I .  As shown i n   t h e   f i g u r e ,   o u t p u t s   o f   t h e   a n a l y s e s   a r e   t h e   d e t a i l e d  
panel  designs,  panel  weights,  and  coolant  requirements. 

Envi ronmenta l   Condi t ions and Des ign   Const ra in ts  

The env i ronmen ta l   cond i t i ons   used   i n   t he   cou rse   o f   t he   p resen t   s tudy  were 
i n t e n d e d   t o  be r e p r e s e n t a t i v e   o f   t h e   c o n d i t i o n s   t h a t  may be exper ienced on bo th  
e x t e r n a l  and i n t e r n a l   ( i . e . ,   i n l e t ,   d u c t ,  and  engine  wal l )   sur faces  o f   hyper-  
s o n i c   c r u i s e   v e h i c l e s .  The d e s i g n   r e s t r a i n t s  were  those  that  were  thought t o  be 
r e p r e s e n t a t i v e  o f  good e n g i n e e r i n g   p r a c t i c e ,  and  they  were  based  on  present-day 
m a t e r i a l s  and f a b r i c a t i o n   t e c h n o l o g y .  
p resen ted   he re in   a re  as f o l l o w s :  

V a r i a b l e  

S t a t  i c   p ressu re ,   ps i  ( kN/m2) 

Dynamic  pressure, p s f  ( kN/rn2) 

Panel  size, f t  Cm) 

Pane l   con f i gu ra t i on  

Coo 1 ant. 

Cooling  method 

Operat ing 1 i f e  

Creep  rupture,  hrs 

Thermal   fa t igue,   cyc les 

Net   heat   f lux ,   B tu /sec- f t2  (kW/m*) 

L i m i t i n g   c o n d i t i o n s   u s e d   i n   t h e   s t u d y  ' 

L i m i t i n g   c o n d i t i o n s  

0 to 250 ( 0  t o  1720) 

0 t o  2000 ( 0  t o  9 6 )  

Up t o  3 by 5 (0.91 by 1.52) 

F l a t  

Hyd royen 

Forced  convect ion 

I GO 

300 

0 t o  500 ( 0  t o  5680) 
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Coolant   pressure,   ps i  ( kN/m2) 250 t o  1400 ( 1720 t o  9650) 

Coolant  temperature, O R  ( O K )  100 t o  1900 ( 5 6   t o  1060) 

Hea t inq   cond i t i on . -   Fo r   t he   pu rpose   o f   t h i s   s tudy ,  i t  was assumed t h a t  
hea t ing   occu r red   f rom one s ide   on ly .   Two-s ided  heat ing  may cause  unacceptable 
the rma l   s t resses   and   c rea te   spec ia l   coo lan t   con t ro l  and i n s t a l l a t i o n   r e q u i r e -  
ments. The use  o f   separa te   pane ls   p laced  back- to -back   to   avo id   these  p rob lems 
i s  t h e n   e q u i v a l e n t   t o   o n e - s i d e d   h e a t i n g   o f   e a c h   p a n e l .  

Two d i f f e r e n t   h e a t i n g   c o n d i t i o n s ,   u n i f o r m  and  nonuniform  heat  f lux,  were 
cons ide red .   Fo r   t he   ma jo r i t y   o f  cases, a u n i f o r m   h e a t   f l u x  was assumed over  
the   su ' r face   o f   the   pane l .  Because o f   w a l l   t e m p e r a t u r e   v a r i a t i o n s   a l o n g   t h e  
l e n g t h   o f  a c o o l e d   p a n e l ,   t h i s   c o n d i t i o n   i s  approached, f o r  a u n i f o r m   e x t e r n a l  
environment,  only when the  recovery  temperature becomes v e r y   l a r g e   r e l a t i v e   t o  
the   wa l l   t empera tu re .   The re fo re ,   t he   t e rm  i n f i n i t e   recove ry   t empera tu re   i s  
used   he re in   t o   re fe r   t o   t he   un i fo rm  hea t   f l ux   assumpt ion .   Fo r   t he   second  
hea t ing   cond i t i on ,   t o   accoun t   f o r   va ry ing   pane l   su r face   t empera tu res ,   t he   pane l  
was assumed t o  be exposed t o  a hot  gas wi th  a un i fo rm  f i n i t e   recove ry   t empera -  
t u r e .   I n   t h i s  case, t h e  maximum h e a t   f l u x   ( w h i c h   o c c u r r e d   a t   t h e   c o l d   e n d   o f  
:he panel )  was used t o   d e f i n e  a n o m i n a l   l e v e l   o f   h e a t i n g .  

Coolant  pressure.-   For  th is  study, a des ign   va lue   o f  250 p s i  (1720 kN/m2) 
c o o l a n t p r e s s u r e   a t   t h e   e x i t   o f   t h e   o u t l e t   m a n i f o l d  was s p e c i f i e d  so  t h a t   t h e  
p r e s s u r e '   d i f f e r e n t i a l   w o u l d  be s u f f i c i e n t   t o   i n j e c t   t h e   h y d r o g  
combustor  section. The use of s u p e r c r i t i c a l   o u t l e t   p r e s s u r e s ,  
( I300 kN/m2), a1 lows  the  assumpt  ion  of  forced-convect  ion s ing 
t r a n s f e r   c o e f f i c i e n t s   t h r o u g h o u t   t h e   s t u d y .  The c o o l a n t   i n l e t  
was s e l e c t e d   t o   e n s u r e   t h a t   t h e   n e c e s s a r y   c o o l a n t   f l o w   t h r o u g h  
would be produced. The upper I.imit on i n l e t   p r e s s u r e  was usua 
!%O p; i  (6890 kN/m2), a l t h o u g h   i n l e t   p r e s s u r e s  up t o  1400 p s i  
we r e  cons i de red. 

e 

1 

1 

n i n t o  an engine 
above 188 p s i a  
e-phase  heat 
pressure  used 
the   heat  exchanger 
l y   t a k e n   t o  be 
(9650 kN/m2) 

Coolant  temperature.- A hydrogen  in le t   temperature o f  IOO'F (56'K) was 
used   du r ing   t h i s   s tudy .  It was assumed that  hydrogen  would be s t o r e d   a t  
tempera tures   o f  40'F (22 'K)  o r   l e s s  and  would  have a temperature  increase due 
t o  heat   leak  and/or   compressor   energy  input   o f   about  60'F ( 3 3 ' K ) .  A hydrogen 
o u t l e t   t e m p e r a t u r e   o f  1600'F (889 'K)  was u s u a l l y  assumed, a l t h o u g h   o u t   l e t  tem- 
pera tures   f rom 1400' t o  1900'R (778' t o  1060'K) were  considered. 

METHOD OF ANALYSIS 

II-! t h e  
quan7i: i t a t  i ve 

i n i t   i a  
l y  and 

cooled  panel  s were 

1 phase o f   t h e   i n v e s t i g a t i o n ,  many conceptual  designs  were 
q u a l i t a t i v e l y  compared.  The p r inc ipa l   e lemen ts   o f   hyd rogen  
i d e n t i f i e d ,  and a number of   concepts  were  se!ected  for  a 

more d e t a i l e d   e v a l u a t i o n .   T h i s   i n i t i a l   s c r e e n i n g  i s  descr ibed  in   Appendix  A. 

The c o n f i g u r a t i o n s   s e l e c t e d   i n   t h e   i n i t i a l   s c r e e n i n g   w e r e   s t u d i e d   i n  
g r e a t e r   d e t a i l   a t   t h r e e   s p e c i f i c   b a s e l i n e   d e s i g n   p o i n t s   t h a t   p e r m i t t e d   s t u d y   o f  
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i m p o r t a n t   d e s i g n   f e a t u r e s   a t   w i d e l y   d i f f e r e n t   l o a d / t l u x   c o n d i t i o n s .  The t h r e e  
b a s e 1   i n e   d e s i g n   p o i n t s ,   i d e n t i f i e d   i n   f i g u r e  2, a r e   i n d i c a t i v e   o f   t h e   e n v i r o n -  
ments  exper ienced  on  external   and  in ternal   sur faces  o f  a hyperson ic   veh ic le .  
Ca lcu la t i ons   were   ca r r i ed   ou t   t o   de te rm ine   pane l   we igh ts  and c o o l a n t   f l o w  
requ i remen ts ;   g round   ru les   f o r   t h i s   phase  of t h e   i n v e s t i g a t i o n   a r e   d e s c r i b e d  
i n  Appendix B. 

'In t h e   f i n a l  phase o f   t h e   i n v e s t i g a t i o n ,   t h r e e  of the  concepts  were  analyzed 
i n   d e t a i l   t o   o b t a i n   t r a d e o f f   d a t a .   C a l c u l a t i o n s  were c a r r i e d   o u t   f o r   t h e   e n t i r e  
l o a d   s p e c t r u m   c o n s i d e r e d   i n   t h i s   i n v e s t i g a t i o n ;   p a n e l   w e i g h t s  and c o o l a n t   f l o w  
requ i rements   were   de termined  w i th   respec t   to   var ious   va lues   o f   the   parameters  
t h a t   a f f e c t   p a n e l   d e s i g n .  The ranges o f   t h e   c a l c u l a t i o n s   f o r   t h e   t h r e e  concep- 
t u a l   d e s i g n s   a r e   i n d i c a t e d   i n   f i g u r e  2. A more d e t a i l e d   d e s c r i p t i o n   o f   t h i s  
phase o f   t h e   i n v e s t i g a t i o n  i s  presented  in   Appendix  C. 

Support ing  analyses  were  developed t o   e v a l u a t e   t h e   v a r i o u s   f a c t o r s   t h a t  
a f fec t   pane l   des ign   such  as   des ign   layout   s tud ies ,   s t ruc tu ra l   ana lys is  and 
o p t i m i z a t i o n  methods,  and  heat t r a n s f e r  and f l u i d   f l o w   a n a l y s i s .  The des ign 
l a y o u t   s t u d i e s  and s t ruc tu ra l   ana lyses   a re   p resented   in   Append ixes  D and E, 
r e s p e c t i v e l y .  The h e a t   t r a n s f e r  and f l u i d   f l o w   a n a l y s e s   a r e   p r e s e n t e d   i n  
re fe rence  I .  These suppor t i ng   ana lyses   were   i n teg ra ted   t o   deve lop   des ign   p ro -  
cedures  that   can be a p p l i e d   t o   s p e c i f i c   a p p l i c a t i o n s .  The development o f   t hese  
p r o c e d u r e s   a n d   t h e i r   a p p l i c a t i o n   t o   t h e   t h r e e   b a s e l i n e   p a n e l   c o n f i g u r a t i o n s   a r e  
presented  in  Appendix F. Appendix G g i v e s   d e t a i l s  of m a t e r i a l  and o p e r a t i n g  
temperature  cons iderat   ions.  

RESULTS AND D I S C U S S I O N  

Concept  Screen  illy 

Resu l t s   o f   t he   sc reen ing   o f   t he   bas i c   concep tua l   con f i gu ra t i ons   cons ide red  
i r :  t h e   i n i t i a l  phase o f  t h e   i n v e s t i g a t i o n   a r e  summarized i n   t a b l e s  I t o  5. The 
qerleral a p p l i c a b i l i t y   o f  a c o n c e p t   o r   c o n f i g u r a t i o n   t o   t h e   o v e r a l l   r e q u i r e m e n t s  
n t  regenera t i ve l y   coo led   pane ls  i s  r a t e d   i n   t h e   t a b l e s ;   t h e   c a t e g o r i e s   o f  t h e  
r a t i n g   s c a l e   a r e :  None, l i m i t e d ,  and broad  problem  range.  Table 5 i n d i c a t e s  
the   comb ina t ion   o f   con f i gu ra t i ons   re ta ined  as basel ine  concepts.  Where two 
c o n i i y u r a t i o n s   r e p r e s e n t e d   s o l u t i o n s   t o   t h e  same problem, e i t h e r   t h e  more e f f i -  
c i e n t  one was r e t a i n e d   f o r   f u r t h e r   s t u d y   o r ,  i f  they  were  competit ive, one  con- 
f i g u r a t i o n  was a r b i t r a r i l y   s e l e c t e d .   C e r t a i n   s u b c o n c e p t s   w e r e   r e t a i n e d   t o  
prov ide  compar isons  o f   heat   exchanger   and  f low  ar rangement   var ia t ions.  

Table I shows f i v e   b a s i c   p a n e l   c o n f i g u r a t i o n s   t h a t   c o u l d  be used w i t h   t h e  
d e t a i l e d   s t r u c t u r a l   c o n f i g u r a t i o n s  shown i n   t a b l e  2. The i n i t i a l   s c r e e n i n g  
revea led   t ha t  an !.,:-lz~~pported  panel s t r u c t u r e   i s   a l w a y s   h e a v i e r   t h a n  a beam and 
pane l   s t ruc tu re   fo r   the   normal   p ressure   range  cons idered and t h a t   t h e  use o f  
sandwich-cons t ruc t   ion   p r ime  s t ruc tu re  and  I-beam s t i f f e n e r s   p r o v i d e s   t h e   m i n i -  
mum-weight design.  Table 3 summarizes the  panel   f low  arrangements  that   were 
considered, and t a b l e  4 i n d i c a t e s   t h a t  a w ide   va r ie t y   o f   hea t   exchanger  geo- 
m e t r i c   c o n f i g u r a t i o n s   a r e   a p p l i c a b l e .  O f  the   methods   s tud ied ,   the   on ly   use fu l  
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f l ow   fo ld ing   a r rangement  was f l o w   f o l d i n g   i n   t h e   w i d t h   d i m e n s i o n  o f  t h e   h e a t  
exchanger. It i s   l i m i t e d   i n   i t s   e x p e c t e d   r a n g e   o f   u s e f u l n e s s ,  however,  because 
o f   t h e   s h o r t   f l o w   l e n g t h s   t h a t   a r e   r e q u i r e d   a t   h i g h   h e a t   f l u x e s .   T a b l e  5 sum- 
m a r i z e s   t h e   c o n f i g u r a t i o n s   t h a t  were r e t a i n e d   f o r   t h e   c o n c e p t   e v a l u a t i o n .  
These c o n f i g u r a t i o n s   a r e   i l l u s t r a t e d   i n   f i g u r e s  3 t o  5. 

Concept I ( f i g u r e  3) u t i  1 i zes  a sandwich  panel t o   p r o v i d e   b o t h   s t r u c t u r a l  
l o a d - k a r r y i n g   c a p a b i l i t y  and  coolant  f low  passages. Backup  I-beams are  employed 
t o   t r a n s m i t   t h e   l o a d s   t o   t h e   v e h i c l e   s t r u c t u r e .  The f l o w   c o n f i g u r a t i o n  i s  a 
s ingle-pass,  straight- through  heat  exchanger.   Concept  la  employs a fo lded-   in -  
w id th   hea t   exchanger   geomet ry   i n   wh ich   t he   coo lan t   i s   ca r r i ed   i n   oppos i te   d i rec -  
t i o n s   i n   a l t e r n a t e   f l o w   c h a n n e l s .  Concept 2 ( f i g u r e  4 )  i s  a bonded concept 
w h i c h   c o n s i s t s   o f  a hea t   exchanger   me ta l l u rg i ca l l y   b razed   t o   t he   p r ime   pane l .  
Concept 2 u t i l i z e s   s i n g l e - p a s s ,   s t r a i g h t - t h r o u g h   f l o w  a n d   r e c t a n g u l a r   o f f s e t -  
f i n  geometry.  Concept 2a u t i l i z e s  a fo lded- in -w id th   heat   exchanger .   In  con- 
cept 2b, i n s u l a t i o n  i s  added t o   t h e   s u r f a c e   o f  a single-pass  heat  exchanger. 
Round tubes   a re   used  ins tead  o f   p la te   f ins   in   the   heat   exchanger   in   concept   2c .  
Concept 3 ( f i g u r e  5) u t i l i z e s  a r e g e n e r a t i v e l y   c o o l e d   s h i n g l e   t h a t   c o n s i s t s   o f  
a s u p e r a l l o y   h e a t   e x c h a n g e r   s u r f a c e   m e t a l l u r g i c a l l y   a t t a c h e d   t o  a support   panel .  
Spacer beams a r e   u s e d   t o   m e c h a n i c a l l y   f a s t e n   t h e   s h i n g l e   s t r u c t u r e   t o  a prime- 
load-bear ing  panel  and  I-beam s t r u c t u r e .  The pr imary  panel  will be c o o l e d   t o  
tempera tures   tha t  will make an aluminum a l l o y  a s u i t a b l e   m a t e r i a l .  The p r imary  
panel w i l !  be p ro tec ted   aga ins t   bypass   ho t -gas   f l ow  and  conduct ive  heat  inputs 
by a me ta l l u rg i ca l l y   a t tached   a lum inum  hea t   exchanger .   Th i s   des ign   rep resen ts  
the  most   c lear-cut   separat ion  between  the  pr imary  cool ing  dev ice and t h e   p r i m a r y  
l oad -bear ing   s t ruc tu re .  

Concept Eva 1 ua t   i on  

l h e  base1  ine  evaluat ions  were  performed  at   the  three  des 
i n  f i g u r e  2 and i n   t h e   f o l l o w i n g   t a b l e .  

i g n   p o i n t s  shown 

-.".-"I - . .- -.- I._ "" ~ "" " __ 

I No  rma 1 r . - -. _" 
Heat f l u x  Dynam i c 

Des i y n  pressure  pressure 
p o i n t s  

1 . Low load/ 48 
low f 1 ux 

2 .  I n te rmed ia te  

-..-.."l..._/̂ .-.""Y.I 

3. High  load/ I720 
h i g h   f l u x  

B t u / s e c - f t 2  

"" ~~. " 

500 
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Concepts I ,  la,  and 2 were  compared at design  point I ,  and concepts 2,  2a, 
2b,  2c,  and 3 were  compared  at  design  points 2 and 3. The  ground  rules  for  the 
evaluation  of  these  concepts  and  an  outline  of  the  design  procedure  are  pre- 
sented in Appendix B. The  results of the  evaluation  are  summarized in the 
following  paragraphs. 

.Low-load/low-flux  desiqn  point.-  Table 6 lists  the  heat  exchanger  weights 
prime structural  panel  weight  (concept 2 only),  beam  weights,  manifolding  weights 
(including piping), seal  weights,  total  weights, and coolant  flow  rates for six 
cases  considered.  The  results  indicate that increased  panel  length  leads  to 
slight  reductions in panel  weight  per unit area  because  of  the  decrease in seal 
and manifold  weight  per unit area.  The  influence of the 5000'R (2780'K) 
recovery  temperature  on  single-pass flow (concept I )  is a reduction in coolant 
flow of approximately 15 to 20 percent  compared  with  the  case  for  infinite 
recovery  temperature.  This  reduction in coolant  flow  rate  reflects  the  lower 
average  heat flux associated with the  finite  recovery  temperature.  The  assum- 
tion  of an infinite  recovery  temperature  (uniform  heat  flux),  however,  results 
in only a small  change in panel  weight. 

Intermediate-load/intermediate-flux desiqn  point.-  The  pertinent  component 
weights,  total  weights, and coolant  flow  rates  are  summarized in table 7 for 
the  nine  cases  considered at the intermediate-load/intermediate-flux design 
point. As can  be  seen  from  the  table,  concept 3 (nonintegral  concept)  results 
in the  lowest  total  weight.  Use  of  round  tubes  (concept  2c) in place  of  the 
plate-fin  heat  exchanger  surface  results in a higher  heat  exchanger  weight  and 
up to 18 percent  greater  coolant  flow  rate.  These  increases  are  due  largely 
to  the  increase in exposed  surface  area  that  the  tubular  array  presents  to  the 
hot  gas  stream, and to a lesser  extent,  to  minimum  gage  restraints.  It  should 
be  noted that some  of  the  deficiencies  of  the  round  tubes  could  be  alleviated 
through  the  use  of  tubes  of  other  cross-sections.  However,  any  curved  surface 
w i l l  always  result in a coolant  consumption  higher than that for a flat  surface; 
and under  the  minimum  gage  restrictions  of this study, a tube  configuration  will 
always be  heavier than a plate fin configuration. 

Consideration o f  a finite  recovery  temperature  for  concept 2 results in 
a reduced flow rate  compared  to  the flow rates for infinite  recovery  tempera- 
tures.  Further  reduct  ions in flow rate  are  accompl  ished  by  using  insulation 
(concept  2b)  or flow  folding in the  width  direction  (concept 2a). 

Hiqh-load/hiqh-flux  desiqn  point.-  The  pertinent  component  weights,  total 
weights, and coolant  flow  rates  are  summarized in table 8 for  the  nine  cases 
considered  at  the  high-load/high-flux  design  point.  Concept 3 (nonintegral) 
shows a marked  weight  advantage in total  weight  compared to concept 2 (bonded). 
As was  the  case  for  the  intermediate  design  point,  use  of a finite  recovery 
temperature  for  the  bonded  concept  leads  to  lower  coolant  flow  rates, and 
furtht, flow reduction  is  obtained  by  using  insulation  or flow folding.  Com- 
parison  of  the  results  presented in table 7 and 8 illustrates  the  increases 
in structural  weight,  heat  exchanger  weight, and coolant flow rate  that  result 
when  the  pressure  load and heat  flux  are  increased  from  intermediate  to high 
values.  The  increased flow length  for  the high design point shows a slight 
increase in total  weight in contrast t o  the s1 ight decrease  for  the  intermediate 
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design point. The  net  increase is due  to an increased  heat  exchanger  weight 
(the  higher  coolant  flow  rate  required  for  the  longer  panel  necessitated a 
tal  ier fin to avoid  excessive  pressure  losses)  which  more than offsets  the 
reduction ir .  seal  and  manifold  weight  per unit area. 

Reference  desiqns  for  tradeoff  analysis.-  Concepts I ,  2,  and 3 (integral, 
bonded, and nonintegral,  respectively),  each  with  single-psss  flow,  were  retained 
for the tradeoff  analysis.  Each  of  these  concepts is advantageous in certain 
operating  ranges.  The  remaining  variations  of  the  concepts  discussed  above 
represent  refinements or  involve  modifications  of  specific  design  features  which 
may  be  important in specific  appl  ications.  Flow  folding  (concepts la  and  2a) 
is a useful  method  to  conserve  coolant  for  low-flux  panels.  Insulation will 
always  reduce  coolant  requirements  for  finite  recovery  temperatures.  The tubu- 
lar  heat  exchanger  surface  (concept  2c)  offers  lower fluid pressure  drop  and, 
hence,  the  possibility  of  longer  panels  for  high-flux  applications, but the 
coolant  requirement  per unit of  panel  area is increased  from that needed  with 
plate-f in construction. 

Tradeoff  Study 

The  tradeoff  study  evaluated  the  effects  of  normal  pressure  and  heat  flux 
on panel  weight  and  coolant  requirements  over  the  entire  load  spectrum  and 
investigated  the  effects  of  varying  coolant  outlet  temperature,  coolant  inlet 
pressure, fin conductivity,  and  panel  size.  This  analysis  was  performed  on  the 
integral,  bonded, and nonintegral  designs  (concepts I ,  2, and 3) that were 
selected  as  the  baseline  reference  designs.  The  principal  results of the  trade- 
off  study  were  panel  weights and coolant flow rates at the  specific  operating 
conditions.  Appendix C provides a detailed  discussion  of  these  results and 
presents  related  design  curves. 

Each  of  the  three  concepts  has  features that favor  its  use in certain 
operating  ranges.  The  integral  design is the  simplest but is limited  to a low- 
heat-flux/low-load  environment.  The  bonded  design i s  the simplest  concept that 
can  be  applied  over  the  entire  heat flux and pressure  range.  The  nonintegral 
design is  the  most  complex, but it appears  to be  the  most  efficient  at  the 
high pressure  loadings. In addition,  thermal  protection  system  for  this 
design  can  be  repaired or  replaced  without  disturbing  the  basic  structure. 
This  may  be an important  consideration in an actual  installation  where  the 
exposed  surface  can  be  damaged. 

Panel  weiqht.-  The  component  element  weights  resulting  from  the  tradeoff 
study  are  tabulated in Appendix C. Some  of  the  resulting  calculated weights are 
illustrated in figures 6 through 8. The  weights  shown in the  figures  include 
the  heat  exchanger;  the  structural  panel and supporting  beams; and allowances 
for  manifolds, plumbing, and pressure  seals  between  panels.  The  heat  flux and 
the  external  pressure  loading  are  assumed  to  be  uniform  over  the  surface  of 
the  panel. 

In figure 6, the  weight  per unit area for each  concept 
tion  of  pressure  loading  and  heat flux. The  data  are  based 

is shown  as a func- 
on a 2-ft by 2-ft 
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4. 

(0.61-m by 0.61-m) panel  and are for a  hydrogen  outlet  temperature of 16OO0F 
(889'K). The  nearly  vertical  constant-heat-flux  lines  indicate  that  the  con- 
figuration  weights  are  strong  functions  of  the  pressure  loading,  whereas  the 
nearly  horizontal  constant-pressure  lines  indicate  that  the  configuration 
weights  are  weak  functions  of  heat  flux.  As  indicated  by  the  general  slopes  of 
the  curves,  the  sensitivity  of  the  weight  to  both of these  variables  changes 
somewhat  from  configuration  to  configuration;  the  integral  design is the  most 
sensmitive  to  both  variables,  and  the  nonintegral  design  is  the  least  sensitive. 

The  shaded  areas in figure 6 indicate  the  regions in which  a  given  con- 
cept  provides  the  lightest-weight  design. The choice  of  concept  for  the 
lightest-weight  design is dependent on the  particular  loading  conditions. 
At the  lower  pressure  loadings,  the  integral  design  is  indicated to be the 
lightest  by  only a small  margin. At the  higher  pressure  loadings,  the  optimum 
panel-web-faceplate  material  distribution  for  bending  cannot  be  attained  because 
the  fin  heights  for  this  concept  are  limited by  heat  transfer  considerations. 
The  bonded  concept,  which is not  subject to this  restraint,  affords  the  lightest 
weight  over  an  intermediate  pressure  range.  As  the  pressure  loading  increases, 
the  weight  for  operating  the  prime  structure  of  the  bonded  design  at high tem- 
peratures  becomes  more  severe.  At  the  highest  pressure  loadings,  this  weight 
penalty  more  than  offsets  the  weight  of  additional  components in the  nonintegrdl 
design,  which  then  becomes  the  lightest  design. 

Plots  illustrating  the  interrelated  effects of coolant  outlet  temperature 
and  external  pressure  loading on weight  are  shown in figures 7 and 8 for  heat 
fluxes  of IO and 50 Btu/sec-ft2 ( I14 and 568 kW/m2). As in figure 6, the 
results  indicate  that  the  panel  weight is primarily  a  function  of  pressure  load- 
ing, although  for  the  integral  and  bonded  designs,  the  effects  of  coolant  outlet 
temperature  become  increasingly  important  at  higher  temperatures  and  pressures. 
At lower  pressures,  the  choice  of  concepts  for  minimum  weight is dependent  upon 
temperature  as  we1 1 as  pressure  and  heat  flux. At higher  pressure  loadings,  the 
choice of concepts is independent  of  outlet  temperature,  and  the  nonintegral 
design is the  lightest.  This is to be  expected  because  the  prime-load-carrying 
structure,  the  major  weight  factor,  remains  at  a  constant  temperature  regardless 
of the  outlet  temperature  because it is separate  from  the  primary  heat  exchanger. 

Although  the  bonded  design  would  be  expected  to  be  less  sensitive to 
outlet  temperature  than  the  integral  design,  the  data in figures 7 and 8 show 
similar  sensitivities. The degree  of  sensitivity  shown  for  the  bonded  design 
results  from  nonoptimum  use  of  materials.  Material  selections  for  the  three 
conceptual  designs  were  made  for  a  coolant  outlet  temperature  of l60Oof? (889'K), 
and  the  materials  were  not  varied in the  course  of  the  tradeoff  studies. At 
1600'R (889'K), Inconel 718 is the  superior  material  for  a  structural  panel;  at 
slightly hiqhct:- temperatures,  Waspaloy  becomes  a  better  choice.  Accordingly, 
Inconel 713 WGS selected  for  the  structural  panel  for  the  bonded  concept  because 
it operated  ai  the  coolant  outlet  temperature,  and  Waspaloy  was  selected  for 
the  integral  design  since  the  hot  faceplate  must  operate  at  temperatures  higher 
than  the  coolant  outlet  temperature. A change  of  materials,  therefore,  would 
improve  the  performance  of  the  bonded  designs  at  outlet  temperatures  higher  than 
1600'R  (889'K), and  the  integral  designs  could  be  improved  for  maximum  surface 
temperatures  less  than 1600'R (889'K). 
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Coolant flow rate.-  Coolant flow rates  shown in figure 9 were  calculated 
from  the  equation 

q/A w =  
HCO - HCI 

The  coolant  flow  rates  presented in this report  are  for a hydrogen  inlet  tem- 
perature  of IOO'R (56 'K) .  The  values  presented  are appl icable  to  any  of  the 
concepts  studied. For a fixed  outlet  temperature,  these  values  are  dependent 
solely  upon  the  average  net  heat  flux  to  which  the  panel  is  exposed. 

Desiqn  tradeoffs.-  The  final  selection  of a cooled-panel  concept  for an 
actual  application  involves  tradeoffs  between  panel  weight,  coolant  flow  rate, 
panel  life;  and  other  factors that are  functions  of  the  specific  design  mission 
requirements.  Since  the  final  concept  selection  depends  upon  the  specific 
details  of a particular  application, it is  beyond  the  scope  of  this  study. An 
attempt  has  been  made,  however,  to  provide  some  of  the  tools  required  to  make 
such  selections. In particular  tradeoffs  between  configuration  weights and 
coolant  requirements  are  indicated, and a typical  result  is  shown in figure I O  
( see  a1 so Appendix C) . 

The  data  indicated  by  symbols in figure I O  are  for a coolant  outlet  tempera- 
ture of 1600'R (889'K), and they  illustrate  the  results  of  various  permutations 
of  the  basic  bonded  design.  The  results for each  permutation  should be compared 
with  the  results  for  the  basic  configuration. By increasing  the fin height  from 
the  minimum  of  0.025  to 0.075 in. (0.064 to 0.191 cm), the  temperature  of the 
hot  face  is  increased,  thereby  decreasing  the  coolant  requirements  for a small 
weight  penalty.  The  panel  life,  however, is decreased  due  to an increased tem- 
perature  difference  across  the fin height.  Flow  routing  can  be  used  to  conserve 
coolant, and a folded-in-width  case is shown in figure IO for  comparison. 
Although  somewhat  complicated  manifolding is  required,  the  weight and panel-life 
penalties  associated  with this configuration  are small. The results for an insu- 
lated  configuration,  which  also  conserves  coolant,  are  for a maximum  hot-wall 
temperaure  of 2500'R ( 1390'K). For  this  configuration,  both the coolant  reduc- 
tions and the  weight  penalties  are  relatively  large.  The  results  for  the tubular 
heat  exchanger  are  for  0.050-in.-(0.127  cm)-dia by 0.010-in.-(0.025-cm)-thick 
wall  round  tubes. In this case,  although  both  the  weight and the  coolant 
consumption  are  higher than for  the  basic  configuration, the pressure  drop 
through  the  panel is lower. . 

CONCLUDING REMARKS 

This  report  presents  the  results  obtained  from a study of  hydrogen  cooled 
structural  panels.  Procedures  for  the  optimization  of  the design of  these 
panels  have ::-c : developed and have  been  applied to various  conceptual  designs 
of  regenerativ 1 cooled,  flat  structural  panels  for  heat  fluxes  from IO to 
500 Btu/sec-ft2 I 14  to  5680  kW/m2) and pressure  loadings  from 7 to 250 psi 
( 4 8  to  1720  kN/m 'i ). Although  these  procedures  are  based  on  certain  basic  assump- 
tions and guide1  ines  selected  for  the  present  study,  they  can be readily  modi- 
fied  to  account  for  different  assumptions  and  guidelines. 
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Screening of the  various  configurations  considered  led to the  selection  of 
three  basic  concepts.  The  simplest  design is  the  integral  concept,  which  con- 
sists  of a single-layered  sandwich  panel that provides  the  combined  function  of 
structural  load-carrying  capability and fluid-flow  passages  for  the  hydrogen 
coolant. A more  complex  design is the  bonded  concept,  which  consists  of a 
separate  heat  exchanger  brazed  to  the  primary  load-carrying  panel.  The  most 
complex  design is  the  nonintegral  concept,  which  consists of a heat  exchanger 
brazed  to a support  panel  that is in turn mechanically  fastened  to  the  primary 
load-carrying  panel. 

The  three  concepts  were  analyzed  at  various  heat  fluxes  and  pressure  load- 
ings and were  evaluated  on  the  basis  of  minimum  weight.  The  integral  concept 
was  found  to  be  most  efficient  only  at  low  levels  of  heat  flux and pressure  load. 
The  weight  of  this  concept  depended  strongly  on  the  pressure  loading  and  heat 
flux and, to a lesser  extent,  on  the  coolant  outlet  temperature.  The  upper 
1 imit on  pressure  loading  was  about 50 psi (345 kN/m2)  for a heat  flux  of IO 
Btu/sec-ft2 ( I14 k\!/m2) and  decreased  to  about 7 psi (48 kN/m2)  as  the  flux  was 
increased  to 100 Btu/sec-ftz ( I  140 k\.J/m2). These  conditions  were  also  the  lower 
limits  of  pressure and heat  flux  for  which  the  bonded  concept  yielded  minimum 
weights.  The  upper limit on  pressure  for  the  bonded  concept  was  about 75 psi 
(5 I7 kN/m2)  for  the  ent i re  range  of  heat  flux  cons  idered.  Above 75 ps i ( 5  I7 
kN/m2),  the  nonintegral  concept was the  most  efficient. 

The  total  optimized  weight  (including  allowances  for  seals, plumbing, etc.) 
ranged  from  2.5  to 5 lb/ft2 612 to 24 kg/m2) for  the  integral  concept,  from  2.8 
to 5.7 lb/ft2 (14  to 28  kg/m ) for  the  bonded  concept;  and  from  5.7  to 8 lb/ft2 
(28  to 39 kg/m2)  for  the  nonintegral  concept.  The  variation in weight  for  all 
three  concepts  depended  primarily  on  the  magnitude  of  the  pressure  loading. 

The  study  indicates  that  thermal  stresses  are  of  primary  concern in the 
design  of  regeneratively  cooled  panels. As a result,  large  areas  of  regenera- 
tively  cooled  surfaces  must  be  composed  of a mosaic  of  panels  mounted  to  permit 
individual inplane  thermal  expansion.  Provisions  must  therefore  be  made  for 
flexible  or  sliding  seals  between  individual  panels, and the  design  of  these 
seals has been  considered in the  present  investigation. To minimize  inplane 
thermal  stresses  within  the individual panels,  the  coolant  must  be  rounted  to 
avoid  nonlinear  temperature  gradients.  This  requires  careful  manifolding  design 
to avoid  flow  maldistributions that can  produce  large  thermal  stresses.  In 
general, a single-pass,  straight-through  heat  exchanger  with  an  inlet  and  outlet 
manifold  for  each  panel  was  the  simplest  design and produced  the  smallest  thermal 
stresses.  In-depth  thermal  stresses,  which  are  unavoidable,  can be  minimized 
only  through  the  use  of  small  coolant  passages and high fluid  veloci'ties,  which 
in turn leads  to high coolant  pressure  losses.  For  the  range  of  coolant  con- 
sumptions and pressure  losses  considered,  the  result ing in-depth  temperature 
differentials  made  thermal  fatigue  an  important  problem. 

A variety  of  coolant-passage  geometries  was  considered.  Although  some 
differences  existed in coolant  consumption,  configuration  weight,  and  pressure 
losses,  these  differences  were  small  for  passages  sized  to  provide  acceptable 
in-depth  temperature  differentials.  Coolant  pressure  containment  proved  to  be 
a minor  problem,  and, in general,  passage wall thicknesses  were  dictated by 
minimum-gage  restrictions. 
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Various  methods  were  considered  for  reducing  coolant  consumption  including 
the  use  of  insulation,  increased  coolant  outlet  temperatures, and different 
flow-routing  schemes.  Each  of  these  methods  involves a tradeoff  between a weight 
and/or a configuration  life  penalty and a potential  coolant  savings  for a partic- 
ular application.  The  use o f  in-width flow  folding in the  heat  exchanger and 
the  application  of  insulation  to  the  surface  adjacent  to  the  hot gas are  attrac- 
tive  means  of  conserving  coolant. 

Structural  optimization  indicates  that  for  the range of  pressure  loadings 
of  interest,  beam-panel  combinations  are  lighter  than  unsupported  panels. 
Except  for  panels  designed  for  the  lightest  pressure  loadings,  panel flutter is 
not a significant  design  factor.  For  these  panels,  minimum-gage  limitations 
are  significant  factors  that  were  included in the  present  analysis. 

Material  selection is also  an  important  consideration in the  design  of 
the  regeneratively  cooled  panel. In addition  to  the  usual  requirement  for 
oxidation  resistance  and  high-temperature  strength,  the  selected  material  must 
be compatible  with  the  coolant (in this  case  hydrogen)  and  with  the  forming and 
joining  methods  employed.  The  heat  exchanger  material  selection is strongly 
influenced  by  the  elevated-temperature  ductility  which is a primary  factor in 
determining  thermal  fatigue 1 ife.  Uncoated  nickel-base  superalloys  (notably 
Waspaloy,  Inconel 625,  Hastelloy X, and  Inconel 718) appear  to  be  the  best 
materials  for  hydrogen  cooled  panels. 
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APPENDIX  A 

CONCEPT  DEFINITION AND SCREENING 

A wide  variety  of  conceptual  designs  were  reviewed during the  initial  phase 
of  the  program.  After  these  designs  were  compared  quantitatively  and  qualita- 
tively,  a  number  were  selected  for  subsequent  evaluation.  The  major  objectives 
of  this  subtask  were  identification  of  the  principal  elements  of  regeneratively 
cooled  panels  and  precise  definition of distinctive  concepts. 

Various  configurations  were  rated in terms  of  general  applicability  and 
specif'ic  design  features.  The  configurations  that  were  obviously  inferior  for 
the  range  of  study  variables  were  eliminated  without  reference to  specific 
values of heat  flux  and  applied  pressure  loading.  This  approach was  not  appli- 
cable  to  all  configurations,  however,  and  some  analysis  was  necessary  at  specific 
design  values to complete  the  screening. 

Candidate  Configurations 

The  composite  panel  structure  consists  of  three  distinct  functional  ele- 
ment s : 

0 Protective  insulation 

0 Actively  cooled  heat  exchanger  surfaces 

0 Load-carrying  structure 

A panel  concept  may  include  several  layers  of  each  of  these  elements,  or, 
conversely,  the  functions  may  be  combined.  For  example,  a  single-layered 
sandwich  structure  could  be  used  for  the  dual  function  of  carrying  normal  pres- 
sure  and  of  providing  hydrogen flow passages.  When the  structural  and  heat 
exchanger  surfaces  are  not  combined,  the  heat  transfer  surface  can  be  either 
metallurgically  bonded to  the  prime  panel  or  separated  from  the  prime  structural 
surface by spacer  beams. 

Four  typical  composite  panel  arrangements  are  shown in figures  Ila, b, c, 
and d. In  figure  Ila,  the  hydrogen  flows  between  the  webs  of a  sandwich  panel. 
Figure Ilb shows  a  design in which  the  heat  exchanger  surface is integrally 
bonded to  the  prime  panel  surface.  Figure  Ilc  illustrates  a  multilayered  insu- 
lation  and  heat  tranfer  surface.  In  figure IId, a  mechanically  attached  heat 
exchanger is shown in which  the  spacer  beams  permit  large  differential  expansion 
between  the  heat  exchanger  surface  and  the  structural  panel. A secondary  heat 
exchanger is shown in this  figure  which  serves to protect  the  prime  structure 
from  bypass  heat. 
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I n s u l a t i o n  

I n s u l a t i o n   c o n f i g u r a t i o n s   i n c l u d e  a l a y e r   o f   l o w   c o n d u c t i v i t y   m a t e r i a l  or 
v o i d  space p r o t e c t e d  by  a su r face   shee t   o f   coa ted   re f rac to ry   me ta l   o r   supera l l oy .  
F igure  12a shows a l a y e r   o f   i n s u l a t i n g   m a t e r i a l  w i th  a t h i n   r e f r a c t o r y   a l l o y   o r  
s u p e r a l l o y   s h e e t   c o v e r i n g ,   w h i c h   i s   i n   t u r n   h e l d   i n   p l a c e   b y   d i s c r e t e   a t t a c h -  
ments. I n   f i g u r e  12b, an o v e r l a p p i n g   s h i n g l e   a r r a y   o f   m e t a l   p l a t e s  i s  shown 
w h e r e   t h e   s h e e t s   a r e   h e l d   i n   p l a c e   a t   t h e i r   c o r n e r s .  The a t tachment   po in ts  con- 
s i s t  o f  one f i x e d   s u p p o r t   p o i n t  combined w i t h  a s e t   o f   s l o t t e d  and overs ized 
h o l e s   t o   p r o v i d e   s u p p o r t   a n d   y e t   a l l o w   f o r   d i f f e r e n t i a l   e x p a n s i o n   o f   t h e   s h i n g l e  
r e l a t i v e   t o   i t s   h y d r o g e n - c o o l e d   s u r f a c e .   F i g u r e  12c shows a m e t a l l i c   p l a t e  
t h a t  i s  se t  away f rom  the   hyd rogen-coo led   su r face   by   p in   f i ns .  The p i n   f i n s  
h o l d   t h e   m e t a l l i c   s h e e t  and p r o v i d e  a hea t   pa th   o f   h igh   t he rma l   res i s tance .  The 
face  sheet  can be made from many smal l   e lements   where   the   d i f fe ren t ia l   expans ion  
between the  elements  and  the  hydrogen  surface  can be  absorbed  by  la tera l   bending 
o f   t h e   p i n   f i n s .  

Heat  Exchanger  Geometry 

Both   heat   t rans fer   conductance  and  coo lan t   f r i c t iona l   p ressure   losses   a re  
important  parameters t o  be cons idered  in   the   se lec t ion   o f   heat   exchanger  geome- 
t r i e s   f o r   a p p l i c a t i o n   t o   r e g e n e r a t i v e l y   c o o l e d   p a n e l s .   H i g h   t h e r m a l   c o n d u c t a n c e  
i s   d e s i r e d   a t   t h e   h i g h e r   h e a t   f l u x e s   s i n c e   i n   s p i t e   o f   s l i g h t l y   i n c r e a s e d   c o o l a n t  
requirements, it reduces   t he   i n -dep th   t empera tu re   d i f f e ren t i a l s   be tween   the   ho t  
sur face  and  pr ime  panel   surface,  improving  the  thermal  fat igue l i f e   o f   t h e   p a n e l  
(see  Appendix E). Low pressure   losses   a re   a lways   des i rab le   s ince   they   permi t  
longer  f low  length  (hence  fewer  manifolds)  and/or  lower  pumping and pressure 
containment  requi  rements. 

Two bas ic   t ypes   o f   hea t   exchanger   su r faces   a re   ava i l ab le   f o r   cons ide ra t i on .  
They a r e   t h e   u n i n t e r r u p t e d   f l o w   o r   p l a i n   f i n   t y p e ;  some samples o f   w h i c h   a r e  
shown i n  f i g u r e  13, and t h e   i n t e r r u p t e d   f l o w   o r   o f f s e t   f i n   t y p e  shown i n   f i g u r e  
14. In   genera l   the   heat   exchanger   geomet r ies  shown i n   f i g u r e  13 exh ib i t   l ower  
p ressure   losses  and b e t t e r   l o a d   c a r r y i n g   c a p a b i l i t i e s   b u t   l o w e r   t h e r m a l  con- 
d u c t a n c e s   t h a n   t h e   c o n f i g u r a t i o n s   o f   f i g u r e  14. Thermal  conductances o f   b o t h  
types  of   heat  exchanger  surfaces  can be increased by reducing  the  passage  s ize 
( t h e r e b y   i n c r e a s i n g   t h e   c o o l a n t   f l o w   v e l o c i t y )   a t   t h e  expense o f   inc reased 
pressure  losses or w i t h   r e l a t i v e l y   s l i g h t   i n c r e a s e s  i n  pressure   losses   bu t   s ig -  
n i f i c a n t   w e i g h t   i n c r e a s e s   b y   p l a t i n g   t h e   f i n   m a t e r i a l   w i t h  a h i g h   c o n d u c t i v i t y  
mater ia l   such  as copper .   Fabr ica t ion   o f   the   heat   exchanger   sur faces   i s  accom- 
p l i s h e d   b y   j o i n i n g   ( u s u a l l y   b y   b r a z i n g )   d i s c r e t e   t u b e s   t o   f o r m   t u b e  banks 
( f i g u r e s  13a and  b) o r  by m e t a l l u r g i c a l l y   b o u n d i n g   ( a g a i n   u s u a l l y  by  brazing) 
a p r e f o r m e d   c o r e   m a t e r i a l   b e t w e e n   f a c e   p l a t e s   t o   f o r m   p l a t e   f i n   h e a t   e x c h a n g e r s  
such as f i g u r e  14. 

T h i s  study  program  has  been  largely  centered on t h e  use o f  a p l a t e   f i n   t y p e  
hea t   exchanger   us ing   rec tangu la r   o f f se t   ( f i gu re  14a) or  p l a i n   r e c t a n g u l a r   ( n o t  
shown) f i n s .   T h i s   c h o i c e  was d i c t a t e d   p r i m a r i l y  because o f   t h e   v e r s i t i l i t y  of 
t he   des ign   s ince  i t  i s  r e l a t i v e l y  easy t o   v a r y   f i n  spacing,, height,   th ickness, 
and o f f s e t   l e n g t h   t o   s a t i s f y  a w ide   va r ie t y   o f   p rob lem  co r id i t i ons .  
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Man i fol d Geomet ry 

Three  basic  manifold  designs  were  defined  during  concept  screening  and 
these  are  shown in figure 15. Characteristics  of  these  designs  were  based  on 
the  need  for ( I )  assembly  of  adjacent  panels, (2,) the  use  of  edge  seals to 
prevent  hot-gas flow into  regions in back  of  the  panels, ( 3 )  practical  fabrica- 
tion,  and ( 4 )  low  weight.  The  upper  corrugation or fin is the  panel  fin in  all 
of the  designs  shown.  The  flat  rectangular  and  flat  tapered  conf  iguratjons  are 
shown in figures 15a  and 15b, respectivedy.  The  two  styles  of  flat  manifolds 
w i l l  have  pressure  containment  provided by  fins.  Non-uniform  resistance  can 
be  added in the  length  of  manifold  between the inlet or outlet  port  and  the  heat 
exchanger  to  compensate  for  the  variation i n  pressure  losses  that  would  normally 
be  encountered in the  manifold.  Cylindrical  manifolds  of  the  type  shown in 
figure 15c could  be  used, but this  geometry  inherently  results in relatively 
large  unsupported  spans  which  must  accommodate high internal  pressures. 

Flow  Routing  Arrangements 

A variety  of  flow  routing  arrangements  were  examined to determine  their 
potential  for ( I )  reducing  the  pressure  drop in the  heat  exchanger, or (2) 
reducing  the  coolant  requirements. As indicated in table 3, only  two  arrange- 
ments,  the  single-pass  and  the  folded-in-width  arrangements  were  retained  for 
further  consideration.  The  other  arrangements  were  discarded  due to thermal 
stresses,  complexity  and  increase  weight,  or  fabrication  difficulties. 

Pressure  drop  reduction.-  Pressure  drop  limitations  can  place  restrictions 
on  allowable  flow  length, but this  difficulty  can  be  resolved  at  least  analyti- 
cally, if the  flow  length is divided  into  submultiples of panel  length  by  intro- 
ducing  two  or  more  sets  of  inlet  and  outlet  manifolds. 

Figure  16a  shows a  design in which  there  are  multiple  sets  of  inlet  and 
outlet  manifolds  within  a  single  lengthwise  section  of  panel. The hot  outlet 
and  cold  inlet  manifolds  are  located  adjacent  to  each  other,  and  this  causes 
the  sawtooth  temperature  profile  depicted in figure 16a. Thermal  stresses in 
the  plane  of  the  panel  were  computed  (see  Appendix E) for a temperature  dis- 
continuity  of 1200'R (670'K) at  each  sawtooth  and  the  results  indicated  that 
panel  failure  would  be  imminent  after a  very few cycles  of  operation.  Thermal 
stresses  can  be  reduced to acceptable  levels by greatly  reducing  the  temperature 
differential  between  the  inlet  and  outlet  fluid. The  maximum  permissible  tem- 
perature  differential is approximately 3OO0W (167'K). This  low  differential 
can  be  achieved in a  single  panel,  however,  assuming  that  a  single  inlet  tem- 
perature  of IOO'R (56'K) (as  from  cryogenic  storage)  and  a  single  outlet  tempera- 
ture  of up to 2000'R ( lllO°K) is desired,  a  'series of panels  will  be  required  to 
satisfy  the  initial  and  final  temperatures.  Such a  series  of  panels  would  lead 
to weight  and  pressure drop penalties  due t o  the  additional  manifolds.  This 
would  defeat  the  purpose  of  achieving  pressure  drop  reductions  and  this  mani- 
foldiltd approach  was  not  given  further  consideration. 

Figure 16b shows  a flow arrangement in which  alternating  common  inlet  and 
outlet  manifolds  are  used.  This  would  produce  a  triangular  temperature  profile 
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along  the  panel  axial  direction. 
temperature  profile,  and  the  resu 
continuous  alternatinq trianqular 

1 
Thermal  stresses  were  calculated  for this 
ts  of  the  stress  analysis  showed  that  the 
profile  would  produce  excessive  thermal 

stresses  for a 1200°R-(6700Kj  inlet  to  outlet  temperature  rise.  Configurations 
with  acceptable  thermal  stresses  could be obtained by  limiting  the  panels  to a 
length to width ratio  of 2 or  greater  and limiting the  temperature  to a single 
cycle, i.e.: using a common  outlet  manifold  at  the  panel  midlength  with  inlet 
manifolds  at  the  ends  or  vice  versa.  However,  even with these  configurations 
the  resultant  thermal  stresses  would  approach 25 to 50 percent  of  the  yield 
stress  of  the  material. 

Stresses  for  the  single  pass  arrangement  are  negl  igibly  small  (see  appendix 
E). Furthermore, fluid flow calculations  of  reference I indicate  that  at a 
heat  flux  of 500 Btu/sec-ft* (5680 kW/m2)  single-pass  flow  lengths  of 2 feet 
(0.61 m)  can  be uti1 ized without  excessive  pressure  losses  and at lower  fluxes 
panel  lengths  of 5 feet (1.52 m) or greater  are  acceptable.  Therefore,  for 
the  remainder  of  the  study,  the  hydrogen  flow  length  was  always  equal  to  or 
multiples  of  the  panel  length. 

Coolant  requirement  reduction.-  Improved  cooling  efficiency  may  be  obtained 
by the  use  of  folded  fluid  flow  arrangements  within a single  panel  length. 
This  flow routing technique  raises  the  average  temperature  of  the  panel hot 
surface,  thus  decreasing  the AT between  the  external  hot-gas  and  the  panel  sur- 
face, and thereby  reducing  the  heat  flux.  Coolant  savings  are  proportional  to 
this  reduction in AT regardless  of  the  hot  gas  recovery  temperature.  However, 
at high recovery  temperatures  (above  about 7000'R (3890°K)), the  percentage 
savings  achieved by  use  of  sophisticated flow routing or insulation  become so 
small  that  the  weight and complexity  penalties  may  become  excessive.  In  addi- 
tion to the  basic  single-pass  hydrogen  routing  design,  which  achieves  an  aver- 
age  panel  hot-surface  of  approximately IOOO'R (556'K), the  designs  shown in 
fiyure 17, as  well  as  variations  of  these,  were  studied  to  determine  the 
increased  cooling  efficiency  that  could be attained  from  increased  hot-panel- 
surface  wall  temperature. 

Figure 17a shows a panel  with  multiple  injection  points  along  the  panel 
length.  Hydrogen  is  constantly  added  along  the flow length to maintain  the 
entirs  hot-wall  temperature  at an average  temperature  that is  nearly  uniform 
and that is close to the  maximum  allowable  hot-surface  metal  temperature. It 
was  determined  that a great  many  injection  points  would  be  needed to keep the 
stress  from  the  resulting  sawtooth  temperature  profile  within  tolerable 1 imits 
(similar to  those  of  figure 15a). The  potential  saving in coolant  was  out- 
weighed  by  added  complexities in manifolding,  flow  control,  and  manufacturing. 

Figure 17b shows a folded-in-depth  design  that  contains an insulation 
layer  between  two  heat  exchanger  surfaces.  Heat  transfer  analysis  has  shown 
that the  best  possible  cooling  efficiency that can  be  obtained  from  flow  folding 
' rr  depth  occurs  when  the  thermal  resistance  between  the  heat  exchanger  layers 

> zero  (reference I ) .  Therefore,  no  insulating  layer  would  be  used  between 
the  heat  transfer  surfaces.  For  the  limiting  case of a single  sheet  of  metal 
separating  two  brazed  layers  of  fins,  the  thermal  stress  resulting  from  the 
temperature  difference  between  the  hydrogen  inlet and outlet  temperatues  becomes 
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a des ign 1 i m i t a t i o n .  I f ,  however, the  two  heat   exchanger   sur faces  are  jo ined 
i n  such a manner  as to   permi t   independent   in-p lane  thermal   expansion  a t   the 
two  sur faces ,   the   c ross-sec t iona l  AT i n  each  layer becomes the   t he rma l   s t ress  
l i m i t a t i o n .   S i n c e   t h i s   d e s i g n  has   two   hea t   t rans fe r   l aye rs ,   i t s   hea t   exchanger  
weight  i s  a t   l e a s t   t w i c e   t h a t   o f  a b a s i c   s t r a i g h t - t h r o u g h   d e s i g n .   T h i s  added 
weight,  combined wi th  t h e  added   man i fo ld ing   comp lex i t y ,   t ends   t o   o f f se t   t he  
coolant  saving  advantage. 

The des ign shown i n   f i g u r e  17c combines t h e   c o n c e p t u a l   f e a t u r e   o f   t h e  
d e s i g n s   i l l u s t r a t e d   i n   f i g u r e s  17a and 17b. Ca lcu la t ions   have shown t h a t   t h e  
i n j e c t i o n   s l o t s  b e t w e e n   t h e   f o l d e d   f l o w   l a y e r s   w o u l d   b e   r e s t r i c t e d   t o  a l e n g t h  
o f   l e s s   t h a n  0.004 in.   (0.010 cm). F lu id   p ressure   d rop   can   be   reduced and 
c o o l i n g   e f f i c i e n c y   i n c r e a s e d   b y   h a v i n g  an excess o f   c o l d   f l u i d   i n   t h e   l o w e r  
l aye r .  T h i s  con f i gu ra t i on   possesses   a l l   o f   t he   i nhe ren t   d i sadvan tages   and  com- 
p l e x i t i e s   a s s o c i a t e d   w i t h   f o l d e d - i n - d e p t h  and m u l t i p l e - i n j e c t i o n   d e s i g n ,  and, 
t he re fo re ,  i t  i s  n o t   g i v e n   a n y   f u r t h e r   c o n s i d e r a t i o n   i n   t h i s   r e p o r t .  

F igu re  17d i s  a fo lded- in-width  des ign,   in   which  the  counter f low  hydrogen 
s t reams   a re   i n te rspe rsed   ac ross   t he   pane l   w id th .   P la in   f i ns   a re   requ i red ,  and 
t h e   c o o l a n t   i n l e t  and o u t l e t   m a n i f o l d s  must be l o c a t e d   a t   t h e  same end o f  each 
p a n e l   ( s o l i d   f l o w   a r r o w s ) .   A l t e r n a t i v e l y ,  an i n l e t  and o u t l e t   m a n i f o l d  must be 
p r o v i d e d   a t   b o t h  ends of   each  panel   (dashed  f low  ar rows) .  The h e a t   t r a n s f e r  
performance was computed  by  use o f  a fou r - f l u id   hea t   exchanger   d ig i t a l   compu te r  
a n a l y s i s   w r i t t e n   f o r   t h i s   s t u d y .   T h i s   d e s i g n   p r o v e d   t o  be the   bes t   o f   t he  
va r ious   f l ow   rou t i ng   a r rangements   f rom a performance  standpoint   as  wel l  as from 
p r a c t i c a l   f a b r i c a b i  1 i t y   c o n s i d e r a t   i o n s .  

A compar ison   o f   the   f low  fo lded- in -w id th   des ign  w i th  a s i n g l e  pass  heat 
exchanger  at  a nomina l   hea t   f l ux   o f  I O  B t u / s e c - f t 2  ( I  14 kW/m2) and f o r  a 
recovery  temperature  o f  3000'R (1670'K) i s  shown i n   f i g u r e  18. The f i g u r e  
shows t h a t ,   f o r   t h e  same hydrogen  in le t  and ou t l e t   t empera tue  and same coo lan t  
f l ow   ra te ,   t he   f o lded -   i n -w id th   des ign   coo ls  a la rger   pane l   a rea   than  the   s ing le -  
pass  design, arld tha t   the   tempera ture   d i f fe rences   th rough  the   sandwich   depth  
are  about  equal .   This  increase  in  panel   area i s  a r e s u l t   o f   t h e   h i g h e r   a v e r a g e  
ho t   sur face   tempera ture   a t   wh ich   the   fo lded- f low  des ign   opera tes .   S ince   the  
hydrogen  out le t   temperature i s  w e l l   b e l o w   t h e   s t r u c t u r a l l y   a l l o w a b l e  maximum 
m e t a l   t e m p e r a t u r e   f o r   t h e   f o l d e d   f l o w   r o u t i n g ,  more  than h a l f   o f   t h e   a v a i l a b l e  
hydrogen  thermal  capacitance  remains. One o r  more add i t i ona l   se r ies -connec ted  
panels ,   e i ther   s ing le-pass  or   fo lded,   would be used w i th  the   pane l  shown i n  
f i g u r e  18 t o  use the  remaining  hydrogen  thermal  capacitance. 

A h e a t   t r a n s f e r   c o m p u t a t i o n   t o   o b t a i n   t h e   r e l a t i v e   c o o l i n g   e f f i c i e n c i e s   o f  
the   s ing le -pass ,   the   fo lded- in -w id th ,  and the  fo lded- in-depth  heat   exchanger  
c o n f i g u r a t i o n s  was car r ied   ou t   dur ing   the   concept   sc reen ing   phase  o f   the   p ro-  
gram. The - : r f f l t s   o f   t h i s   a n a l y s i s   a r e   p r e s e n t e d   i n   t a b l e  9. The c o o l i n g  
e f f i c i e n c .   t e r m  d s  used i n   t a b l e  9 i s  d e f i n e d  as t h e   r a t i o   o f   c o o l a n t   f l o w  
r a t e  tf would be r e q u i r e d   f o r  an  average  hot-wal 1 t empera tu re   o f  2000'R 
( I I IO-:.,. t o  t h a t  needed w i t h   e a c h   o f   t h e   t h r e e   f l o w   c o n f i g u r a t i o n s ,  where  cool-  
i t  i n l e t   t e m p e r a t u r e  i s  IOO'R (56'K) and coo lan t   ou t l e t   t empera tu re  i s  2000'R 

( 1 I IO'K).  A t  a nomina l   hea t   f l ux   o f  IO Btu /sec - f t2  ( I14 kW/m2) and a gas 
recovery  temperature  o f  3000'R ( 1670°K), the   fo lded- f   low  des igns   ach ieve  much 
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g r e a t e r   c o o l i n g   e f f i c i e n c y   t h a n   t h e   s i n g l e - p a s s   h e a t   e x c h a n g e r .   A d d i t i o n a l  
c a l c u l a t i o n s  showed t h e   p r e s s u r e   d r o p   t o   a t t a i n   t h e   r e q u i r e d   c o o l a n t   f l o w   r a t e s  
i s   l e s s  f o r  a s ing le -pass   than a f o l d e d - i n - w i d t h   f l o w   r o u t i n g   w h i c h  in t u r n  
i s   l e s s   t h a n  a fo lded- in -depth   des ign .   A lso ,   the   c ross-sec t ion   AT 'S   be tween 
the   f ace   shee ts  o f  the   pane l   a re   lowest  for t h e   s i n g l e   p a s s ,   h i g h e r   f o r   t h e  
fo lded - in -w id th ,   and   h ighes t   f o r   t he   f o lded - in -dep th   f l ow   rou t i ngs .  

. T h e s e   r e l a t i o n s h i p s  make the   s ing le -pass   des ign  a c l e a r - c u t   c h o i c e   f o r  
h ighe r   gas   recove ry   t empera tu res   and   h ighe r   hea t   f l uxes   and   f o r   des igns  in  which 
c o o l i n g   e f f i c i e n c y   i s   n o t  an impor tant   requi rement .   For   hypersonic   vehic les,  
however, t h e r e  will g e n e r a l l y  be a g r e a t   i n c e n t i v e   t o   c o n s e r v e   c o o l a n t ;   f o r  
t h e s e   a p p l i c a t i o n s ,   t h e   f o l d e d - i n - w i d t h   c o n f i g u r a t i o n   a p p e a r s   t o   b e   s u p e r i o r   t o  
the   fo lded-   in -depth   des ign .  

S t r u c t u r a l   C o n f i g u r a t i o n s  

Severa l   s t ruc tu ra l   des igns   f o r   p r ime- load -bear ing   s t ruc tu res   were  con- 
s i d e r e d .   B o t h   p l a i n  sol i d   p l a t e s  and r i b - s t   i f f e n e d   p l a t e s   w e r e   r e j e c t e d  because 
they   requ i red   we igh t   we l l   i n   excess  of  t h a t   r e q u i r e d   f o r   s a n d w i c h   c o n f i g u r a t i o n s  
w i t h   t h e  same l o a d - b e a r i n g   c a p a b i l i t y .   F u r t h e r   c o n s i d e r a t i o n   l e d   t o   t h e   e l i m i -  
n a t i o n   o f  honeycomb sandwich  panels  because  they  could  not  accommodate the  need 
fo r   coo lan t   man i fo lds   across   the   pane l   w id th   a t   bo th   ends .  The c o o l a n t   m a n i f o l d  
requ i remen t   a l so   e l im ina ted   t he   poss ib i l i t y   o f   f ou r -edged   pane l   suppor t ,  and 
when two-edged  panel  support was assumed, mult iweb  sandwich  panels  were  the 
most e f f i c i e n t   s t r u c t u r a l  shape. Rectangular-web-core and t r i angu la r -web-co re  
opt imizat ion  analyses  were  per formed  (Appendix  E ) .  The rectangular   web-core 
c o n f i g u r a t i o n   p r o v e d   t o  be the   l i gh te r   o f   t hese   two   des igns ,  and i t  was r e t a i n e d  
as t h e   b a s i s   f o r   a l l   w e i g h t   c o m p u t a t i o n .  The op t im iza t i on   p rocedure  was 
extended t o   a l l o w   f o r   t h e  use o f  a combined s t ruc tu ra l   a r rangement   t ha t  con- 
s i s t e d  o f  a p r ime   pane l   s t ruc tu re  and  backup  I-beams.  This  design  proved t o  
be l i g h t e r   t h a n  a sandwich  panel  taken  by i t s e l f   t o  span s p e c i f i e d   l e n g t h  and 
w id th   d imens ions   over   the   en t i re   load ing   range.  
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APPENDIX 6 

CONCEPT EVALUATION GROUND RULES 

The d i f f e r e n t   p a n e l   c o n f i g u r a t i o n s   w e r e  compared  on t h e   b a s i s   o f  minimum 
pane l   we igh t   and   coo lan t   f l ow   ra te   a t  a speci f ied  des ign  po int .   Meta l   tempera-  
t u r e s  and   t empera tu re   g rad ien ts ,   coo lan t   i n le t   p ressu re ,   and   f l u id   p ressu re  
d rop   a l so   were   impor tan t   cons ide ra t i ons .   I n   t he   concep t   eva lua t i on ,   i n le t  
hydrogen  pressure was cons idered  on ly   in   te rms of i t s   i n f l u e n c e   o n   s t r u c t u r a l  
w e i g h t .   I n l e t   p r e s s u r e s   u p   t o  1000 p s i a  (6890 kN/m2) were  acceptable.  Hydro- 
gen o u t l e t   p r e s s u r e - - p r e s s u r e   a t   t h e   o u t l e t   m a n i f o l d   d u c t - - w a s   e s t a b l i s h e d   a t  
250 ps i   (1720  kN/m2) t o   a l l o w   f o r   t h e   p r e s s u r e   d r o p   t h a t  will o c c u r   a t   t h e   f u e l  
i n j e c t o r   o r i f i c e s  and f o r  combustor  back  pressure.   I tems  physical ly removed 
from the  immediate v i c i n i t y   o f   t h e   p a n e l  were  designed i n  accordance  w i th   the  
f o l   l o w i n g   r e s t r i c t   i o n s :  

(a )   Weigh t   o f   d is t r ibu t ion   sys tem  p lumbing  was not  assessed  beyond  the 
pane 1 bounda r i es 

(b )   We igh t   o f   mach ine ry   f o r  pump outpu t   p ressures  was no t   cons idered 
s ince   i n   t he   range   up   t o  1000 p s i  (6890 kN/m2) i t  i s  r e l a t i v e l y  
insens i t  i v e   t o   o u t p u t   p r e s s u r e .  

T h r e e   f u r t h e r   a s s u m p t i o n s   o r   r e s t r i c t i o n s  were  imposed  on t h e   e v a l u a t i o n .  

( a )  All panel   depths 

( b )  A design max  imum 

we r e  cons i de red  accept ab 1 e 

wal 1 temperature, TDMW, o f  2000'R ( I  I IO'K) was 

temperature was d e f i n e d  as the maximum f i n  tempera- 
t h e  AT th rough   the   ho t   f acep la te  and was se lec ted  
s t i c   a p p r a i s a l  o f  t h e   s t r u c t u r a l   p r o p e r t i e s   o f   t h e  
Actual   surface  temperatures  were somewhat h o t t e r ,  up 
I130'K) a t  500 B t u / s e c - f t 2  (5680 kW/m2). 

pe rm i t ted .  Th i s 
t u r e   p l u s   2 / 3  o f  
t o   p e r m i t  a r e a l  
hot   facep 1 a te .  
t o  about 2035'R 

i 

( c )   T a b l e  IO summar izes   cons idera t ions   tha t   en ter   manufac tur ing  and 
hand1  ing I imi ta t   ions  used  in   the  s tudy.  

I n p u t   d a t a   n e c e s s a r y   f o r  a sys temat i c   so lu t i on   t o   t he   des ign   p rog ram  were  
i d e n t i f i e d  and  are  summarized i n   t a b l e  I I .  A c o m p l e t e   s e t   o f   r e s u l t s  was then 
genera ted   t o   p rov ide   pane l   p ropor t i ons ,  beam proport ions,   and  heat  exchanger 
design  and t o   c a l c u l a t e   p a n e l   w e i g h t   p e r   u n i t   a r e a  and coo lan t   f l ow   requ i remen ts .  
The des ign   p rocedures   fo r   the   th ree   pane l   concepts   a re   ou t l ined   in   Append ix  F, 
however,  as p resented ,   the   p rocedures   re f lec t   la te r   improvements   wh ich   app ly  
o n l y  to t h e   t r a d e o f f   s t u d i e s .  The b a s i c   d i f f e r e n c e s   r e l a t e   t o   t h e   h e a t   e x c h a n g e r  
sild man i fo ld   des ign   wh ich   were   no t   op t im ized   o r   de te rm ined   i n  a systemat ic  way 
in   the   concept   eva lua t ion ,   a l though  typ ica l   l i gh twe igh t   geomet r ies   were   used.  
In a d d i t i o n ,   n o   w e i g h t   c o n t r i b u t i o n  was assumed f o r   a t t a c h m e n t   c l i p s   w h i c h   w e r e  
added in   t he   t radeo f f   s tud ies .   Fu r the r   m ino r   we igh t   d i f f e rences   can  be noted 
be tween  the   concept   eva lua t ion   and  t radeof f   s tudy   we igh ts   due  to   the   e f fec t   o f  
t h e   c l i p s  on beam and panel   weight   and  the  improved  pr ime  panel   buck l ing  ca lcu-  
l a t   i o n s .  
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APPENDIX C 

TRADEOFF  STUDY 

The t r a d e o f f   s t u d y  was c o n d u c t e d   t o   e v a l u a t e   t h e   e f f e c t s   o f   n o r m a l   p r e s s u r e  
and  heat f l u x  on  panel   weight   and  coolant   requi rements  over   the  ent i re   load 
spectrum. The e f f e c t s   o f   v a r y i n g   c o o l a n t   o u t l e t   t e m p e r a t u r e ,   c o o l a n t   i n l e t  
pressure, f i n   c o n d u c t i v i t y ,  and  panel   s ize  were  a lso  invest igated.   Concepts I ,  
2, and 3 i n   t he   concep t   eva lua t i on   were   se lec ted  as t h e   r e f e r e n c e   d e s i g n s   f o r  
t h i s   p o r t i o n   o f   t h e   s t u d y .   D e s i g n   c u r v e s   o f   t o t a l   w e i g h t  and c o o l a n t   r a t e  v s  
several  parameters,  such  as  appl  ied  normal  pressure,  heat  f lux,  and  coolant  out- 
l e t   t e m p e r a t u r e ,   a r e   p r o v i d e d   i n   t h i s   a p p e n d i x .  

Tradeof f Study  Def i n  i t  ion 

Panel   pressure  loading  and  heat   f lux   were  used  as  the  pr imary  var iab les  in  
analyz ing  each  o f   the  concepts.   Panel   length and width,  recovery  temperature, 
coo lan t   ou t l e t   t empera tu re ,  maximum coo lan t   i n le t   p ressu re ,   hea t   exchanger   f i n  
tempera ture   d i f fe rence,  and  thermal   conduct iv i t y   were   inves t iga ted   a t   se lec ted  
va lues   o f   p ressu re   l oad ing  and  heat  f lux.  The f o l l o w i n g   d i s c u s s i o n   o u t l i n e s   t h e  
b a s i s   f o r   t h e   t r a d e o f f   s t u d i e s .  

Concept 1 . -  This   concept  was s e l e c t e d   f o r   t h e   l o w - l o a d   r e g i o n  because  of 
i t s  e x t r e m e   s i m p l i c i t y  and i t s  apparent  weight  advantage. The s t r a i g h t - t h r o u g h ,  
s i n y l e - p a s s   f l o w   c o n f i g u r a t i o n   f a c i l i t a t e d   t h e   c a l c u l a t i o n s .  The f o l l o w i n g  
dec is ions  were made t o   p r o v i d e   t h e  most u s e f u l   s t u d y   r e s u l t s .  

Dimensions: The hydrogen  przssure  drop  requi rements  ind icated by t h e   p r i o r  
a n a l y s i s  w e r e   n o t   d i f f i c u l t   t o   s a t i s f y ,   t h u s   p e r l n i t t i n g   f l e x i b i l i t y   i n   t h e  
se lec t ion   o f   pane l   leng th .  The e f f e c t   o f   v a r i a t i o n   i n   p a n e l   l e n g t h  was s t u d i e d  
i n   p re fe rence   t o   pane l   w id th   t o   de te rm ine   t he   i n f l uence   o f   pane l   d imens ions   on  
panel   weight and c o o l a n t   f l o w   r a t e .  

Recovery  temperature: A s ing le   recovery   tempera ture  ( i n f i n i t e )  was used 
i n   t h e   t r a d e o f f   a n a l y s i s .   D e s i g n   f e a t u r e s   s p e c i f i c a l l y  aimed at   reducing  gas-  
to -sur face   tempera ture   d i f fe rences  (e .9 .  , f l o w - r o u t i n g  and insu la t i on )   were   no t  
i n v e s t i g a t e d .  

C o o l a n t   o u t l e t   t e m p e r a t u r e :   V a r i a t i o n   i n   c o o l a n t   o u t l e t   t e m p e r a t u r e   h a d  a 
p ronounced   e f fec t   on   coo lan t   f l ow   ra te ,   s t ruc tu ra l   ope ra t i ng   t empera tu re ,  and 
s t r u c t u r a l   w e i g h t ,  and i t  c o n s t i t u t e d  a bas i c   des ign   va r iab le .  

Heat  exchanger f i n   c o n d u c t i v i t y :  TWO v a l u e s   o f   c o n d u c t i v i t y  were  used. 
Sandwich h e i g h t   f o r   t h i s   c o n c e p t  was l i m i t e d  by f i n   t e m p e r a t u r e   d i f f e r e n c e ,  and 
t h e r e f o r e   c o n d u c t i v i t y   r e p r e s e n t e d  an impor tan t   va r iab le .  

C o n c e p t A -  Th.is  concept  has  general  appl  icabi 1 i t y .   S t r a i g h t - t h r o u g h ,  
s ing le-pass  hydrogen  f low was used i n   t h i s   d e s i g n   c o n c e p t .  
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Dimensions:  Width  and  length  were  selected as v a r i a b l e s .  

Recovery  temperature:  Both f i n i t e  and in f i n i t e   recove ry   t empera tu res   were  
used. A f i n i t e   r e c o v e r y   t e m p e r a t u r e  was used t o   e v a l u a t e   t h e   i n s u l a t i n g   e f f e c t  
of  f i n   h e i g h t s   t h a t   a r e   g r e a t e r   t h a n   t h e   f i n   h e i g h t s   i n d i c a t e d   f o r   t h e  minimum- 
weight  heat  exchanger  design. 

Coo lan t   ou t l e t   t empera tu re :  The e v a l u a t i o n  was i d e n t i c a l   t o   t h a t  of 
concept I .  

Heat  exchanger f in   he ight :   Weight -opt imized  heat   exchanger   des igns  employ 
t h e  minimum p o s s i b l e   f i n   h e i g h t   t h a t   i s   c o m p a t i b l e   w i t h   p r e s s u r e   d r o p   l i m i t a -  
t i o n s .  The r e s u l t i n g   c r o s s - s e c t i o n a l   t e m p e r a t u r e   d i f f e r e n c e   a t   l o w   h e a t   f l u x e s  
i s   l e s s   t h a n   n e c e s s a r y   t o   p r o v i d e   t h e   r e q u i r e d   l o w - c y c l e   f a t i g u e   l i f e .   F i n  
h e i g h t  was inc reased  a t   f in i te   recovery   tempera tures   to   de termine   bo th   the   reduc-  
t i o n   i n   h e a t   f l u x  and c o o l a n t   f l o w   r a t e  and the   we igh t   pena l ty .  

Heat exchanger f i n   t h e r m a l   c o n d u c t i v i t y :  The e f f e c t   o f   c o n d u c t i v i t y  was 
i n v e s t i g a t e d  as a means reduc ing   in -depth   tempera ture   d i f fe rence and r a i s i n g  
coo lan t   ou t l e t   t empera tu re   wh i l e   ma in ta in ing   t he   ho t   su r face   t empera tu re   a t  
a g iven   va lue .  

Maximum coo lan t   i n le t   p ressu re :   Coo lan t   i n le t   p ressu re  and pressure  drop 
can become d e s i g n - l i m i t i n y  as hea t   f l ux   i nc reases ;  t h e r e f o r e ,   v a r i a t i o n   i n   i n l e t  
pressure was i n v e s t i g a t e d   t o   e s t a b l i s h   t h e   e f f e c t s  o f  t hese   va r iab les  on design. 

Concept 3.- The b a s e l i n e   c o n c e p t   e v a l u a t i o n s   i n d i c a t e d   t h a t   t h i s   c o n f i g u r a -  
t i o n   w o u l d  show conc lus ive   we igh t   advantages   a t   h igh   loads  and h igh   hea t   f l uxes .  
S ing le -pass ,   s t ra igh t - th rough  hydrogen  f low was used  where the   coo lan t   f l owed  
th rough  the   p r ime  s t ruc tu ra l   pane l   be fore   en ter ing   the   sh ing le .  

Design  Ground  Rules and Ca lcu la t ion   Procedures  

The des ign   g round  ru les   used  in   car ry ing   ou t   the   t radeof f   s tudy   were   the  
same as those   f o r   t he   concep t   eva lua t i on .  The mater ia l   cho ices   a re   d iscussed 
i n  Appendix G. The c a l c u l a t i o n   p r o c e d u r e s   u s e d   f o r   t h e   t r a d e o f f   s t u d y   a r e  
o u t l i n e d   i n  Appendix F. 

Resu l t s  

A d i s c u s s i o n   o f   s u m m a r i z i n g   c u r v e s   f o l l o w s ,   o u t l i n i n g   r e s u l t s   n o t   p r e s e n t e d  
i n   t h e   m a i n   t e x t .  The breakdown o f   t h e   i m p o r t a n t   v a r i a b l e s  and i temized  we igh t  
es t ima tes   a re   p resen ted   i n   t ab les  12 through 14. 

- Comparison pf concepts I and 2 weights   vs   appl ied  pressure. -  The t o t a l  
cwll;)clalent we igh ts   o f   concepts  I and 2 vs   app l ied   normal   p ressure   fo r   app l ied  
heat  :';uxes o f  IO, 50, and 100 B t u / s e c - f t 2  ( I  14, 568, and I140 k w h 2 )   a r e   p r e -  
s e n t e d   i n   f i g u r e  19. T h i s  f i g u r e  e m p h a s i z e s   t h e   d i f f e r e n c e   i n   s e n s i t i v i t y   t o  
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heat  f lux  between  the  two  concepts.  The advantage  o f   separa t ing   the   coo lan t  
passages   f rom  the   p r ime- load -ca r ry ing   s t ruc tu re   f o r   any th ing   bu t   modera te   hea t  
f l u x e s   i s   c l e a r l y  shown. 

The s t r u c t u r a l   w e i g h t s   o f   c o n c e p t s  I and 2 vs   app l ied   normal   p ressure   a re  
shown i n   f i g u r e  20 f o r   f i n   c o n d u c t i v i t i e s  o f  IO and 100 Btu/hr- f t -OR (17.3 and 
173 W/m-OK) f o r   t h e  IO B t u / s e c - f t 2  ( I i i 4  I&/m2) heat   f lux   case.  The increased 
c o n d u c t i v i t y   l o w e r s  the maximum metal  temperature  and  hence  increases  the 
s t r e n g t h   o f   t h e   p a n e l   m a t e r i a l .   T h e r e  i s  E! t radeoff   between f i n   w e i g h t   i n c r e a s e  
due t o  a coa t ing   t ha t   improves   t he   c .onduc t i v i t y  arid panel  weight  decrease,  due 
t o   t h e   b e t t e r   m a t e r i a l   p r o p e r t i e s .  T k  F in   we igh t  i s  based  upon  an assumed 
copper   c ladd ing   t h i ckness   t ha t  i s  eq!.!;?i t o  :he s u p e r a l l o y   f i n   t h i c k n e s s .  Due 
t o   t h e   o p e r a t i n g   t e m p e r a t u r e  l e v e l s  n F  t l ~ e  f iT;s, the  copper  c ladding  does  not 
c o n t r i b u t e   t o   f i n   s t r u c t u r a l  ~ ~ C ~ : ~ i : q I . ~ ~ . .  ; ! - l is  c a i c u ! a t i o n   i n d i c a t e s   t h a t   t h e   f i n  
c ladd ing   we igh t   i nc rease   ove r r i des  I ! - ; c .  /) .?r;ei  weight  decrease  at  the IO Btu/sec- 
f t 2  ( I 14 kW/m2) heat   f lux   used.  The i~ i 31-1 conduct   i v  i t y   f i n  wou I d  show an  advan- 
tage  a t   h igher   heat   f luxes :  bl i t  coilce?! 2 w:nuld ie lna in  the 1 igh tes t   des ign   where  
t h i s  advantage  occurs. 

... 

Concept 2 weight v s ,  ,n~?~;!~!a,,i _ _  p,!-gs.z~;-jl;.e,.-. The wei5h.t o f  the  concept 2 des ign 
vs  appl   ied  normal  pressure  is  .;tio\,vn in f i g u r e  23 f o r   f o u r   c o o l a n t   o u t l e t  tem- 
pe ra tu res  and h e a t  f l u x e s  o-i i!! *I-:<.! 50 B t u / s e c - f t 2  ( I  I 4  and 568 kW/m2). T h i s  
i s  a t y p i c a l  d e s i g n  curve - for  \):.e r l . L c : : l -  2 panel  concept has  been s e l e c t e d  and 
t h e  d e t a i l e d   e f f e c t s  of vsI-ia::To!-ls i r l  pi-c:jsure, coolant  temperature,   and  heat 
f l u x   a r e   t o  be evaluated.  It (:3:1 tx?  rlotcd i ha - t   t he   coo lan t   ou t l e t   t empera tu res  
have a more proncunced e f f e r , t  ~ t p o n  p a n e i  we igh t   than  the   app l   ied   heat   f lux ,  
p a r t i c u l a r l y   f o r  coolant o u t   l c t   ~ : e ~ r ~ r ~ e r ~ i u r e s  above 1760'R (978'K).  

___ ". - ~ .  - . ~ . ~  

___._ il.:. ._ , p a r  i son o f  - concepts . _ .  - .  . 2 and 3 we l... r,st!t_,-vs..er.s.s.ur~. - The weights   o f   concept  
2 and 3 vs  appl  ied normal pres5ur.e a r e  shown i n   f i g u r e  24 f o r   h e a t   f l u x e s   o f  
100, 250, and 500 B t u / s e c - f t *  ( I 14-0, 2840, and 5680 kW/m2). The curves show 
that  concept 3 i s  t h e   l i g h t e r   d e s i g n  f o r  pressures  above  about 65 p s i  ( 4 4 8  
kN/m2). The e f f e c t  of h e a t   f l u x  i s  n o t   a p p r e c i a b l e   f o r   e i t h e r   d e s i g n  because 
the  heat  exchanger makes a s m a l l   c o n t r i b u t i o n   t o   t o t a l   w e i g h t .  
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Comparison o f   concep ts  2 and 3 ~ we iqh ts   vs   coo lan t   ou t le t   tempera ture . -  The 
we igh ts   o f   concepts  2 and 3 p a n e l s   v s t h e   c o o l a n t   o u t l e t   t e m p e r a t u r e   a r e  shown 
i n   f i g u r e  25 f o r  normal   pressures  o f  50 and 100 ps i   (345  and  689 kN/m2) and 
h e a t   f l u x e s   o f  50, 250, and 500 B t u / s e c - f t 2  (568, 2840, and  5680 kW/m2). The 
r e s u l t s  show tha t   t he   concep t  3 d e s i g n   i s   l e s s   s e n s i t i v e   t o  changes i n   o u t l e t  
temperature  than  the  concept 2 design. The c u r v e s   f o r  50 p s i   ( 3 4 5  kN/m2) normal 
p r e s s u r e   i n d i c a t e   t h a t ,   e v e n   a t   r e l a t i v e l y   l o w   p r e s s u r e s ,   t h e   c o n c e p t  3 des ign  
may  b.e l i g h t e r   a t   t h e   h i g h e r   c o o l a n t   t e m p e r a t u r e s .  The curves shown t e r m i n a t e  
a t  some va lue   o f   coo lan t   ou t le t   tempera ture   where   no   heat   exchanger   des ign  i s  
p o s s i b l e  due t o   i n s u f f i c i e n t   i n t e r n a l   p r e s s u r e   c o n t a i n m e n t   s t r e n g t h .  The 500 
Btu/sec- f t2   (5680 kW/m2) h e a t   f l u x   c a s e   d i d   n o t  have  heat  exchanger  designs  at 
1760' and 1900'R (978' and 1060'K) ou t le t   tempera ture ,   and  the  250 B t u / s e c - f t 2  
(2840 kW/m2) case  had  no  design  at 1900'R ( 1060'K). 

". "~ 

Concept 2 coo lan t   requ i reme-n ts   vs   coo lan t   ou t le t   tempera ture  and f i n  
he iqh t . -  The t radeof fs   between  coolant   requi rements. "and  coolant   out le t   tempera-  
t u r e  and  between  coolant  requirements  and  heat  exchanger f i n   h e i g h t  were  inves- 
t i g a t e d   f o r   c o n c e p t  2 i n   t h e  5000'R (2780'K)  recovery  temperature  case.  Figure 
26 shows t h e   c o o l a n t   f l o w   r a t e   r e q u i r e d   v s   c o o l a n t   o u t l e t   t e m p e r a t u r e   i n   t h e  
250 B tu /sec - f t2   (2840  kW/m2) h e a t   f l u x  case. The i n f i n i t e   r e c o v e r y   t e m p e r a t u r e  
l i n e  i s  shown f o r   r e f e r e n c e .  The 5000'R (2780'K)  recovery  temperature  l ines 
shown ind i ca te   t ha t   abou t  15 percent   less   coo lan t  i s  r e q u i r e d   t h a n   i n   t h e  
i n f i n i t e  case. The heat  exchanger f i n   h e i g h t  was var ied   f rom  the   0 .025- in .  
(0.064-cm) minimum  gage t o  0.075  in. (0 .  191  cm) f o r   t h e  5000'R (2780'K)  case; 
a n o t i c e a b l e   r e d u c t i o n   i n   r e q u i r e d   c o o l a n t   o c c u r s   a t   t h e   h i g h e r   f i n   h e i g h t s .  
Heat  exchanger maximum meta l   t empera tu re   vs   coo lan t   ou t l e t   t empera tu re   f o r  
v a l u e s   o f  1800°, 1900°, and 2000'R ( IOOO', 1060°, and I I IO'K)  are  included t o  
show how any s p e c i f i e d   d e s i g n   l i m i t a t i o n s  on maximum meta l   temperature  could be 
incorporated.  A maximum m e t a l   t e m p e r a t u r e   l i m i t a t i o n  w i l l  then  set  a limit on 
the  maximum a l l owab le   coo lan t   ou t l e t   t empera tu re .  For example, i f  the maximum 
design  meta l   temperature i s  2000'F ( I I IO'K), t h e  maximum a l l o w a b l e   c o o l a n t   o u t -  
l e t   t empera tu res   a re  1850'R ( 1130'K) fo r   t he   0 .025 - in .   (0 .064 -cm)   f i n   he igh t  
and 1740'R (967'K) in the   0 .075  in .  (0 .  191-cm) h e i g h t  c a s e .  

C o n c 2 t  2 c o o I ~ ~ ~ t _ ~ ~ ~ ~ ~ r , e n ~ n t s  vs f i n   h e i q h t . -  The percent   reduc t   ion   in  
coo lan t   requ i rements   fo r   concept  2 has  been r e l a t e d   t o   t h e   h e a t   e x c h a n g e r   f i n  
h e i g h t   i n   f i g u r e  2 7  f o r   h e a t   f l u x e s   o f  IO, 100, and  250 B t u / s e c - f t 2  ( I  14, 1140, 
and  2840 kW/m2). This  shows tha t   the   percentage of poss ib le   sav ings  i s  g r e a t e r  
a t   h i g h e r   h e a t   f l u x e s .  

~. . . 

F igu re  28 serves t o   c l a r i f y   t h e   t r a d e o f f  between  coolant  requirements and 
s t r u c t u r a l   w e i g h t  by showing  both  the  percent   o f   coolant   sav ings and the   percent  
o f   s t r u c t u r e   w e i g h t   i n c r e a s e   v s   f i n   h e i g h t .  The f i g u r e  shows t h e   r e s u l t   f o r  a 
c o o l a n t   o u t l e t   t e m p e r a t u r e   o f  1600'R (889'K) i n   t h e  250 Btu /sec- f t2   (2840 kW/m2) 
case.  !t a c o n s t a n t   f i n   h e i g h t  and coolant   out le t   temperature,   the  magni tude 
of x t : e  :.)enel we igh t   i nc rease   i s   no t  a f u n c t i o n   o f   e x t e r n a l   p r e s s u r e   s i n c e   t h e  
or:i), w i g h t  change  considered is  occur r ing   in   the   heat   exchanger  due t o   t h e  
v a r y i n g   f i n   h e i g h t .  However, the   percent  of weight  increase i s  g r e a t e r   a t   t h e  
lower  normal  pressures  because  the  weight of t h e   h e a t   e x c h a n g e r   r e l a t i v e   t o   t h e  
e n t i r e   s t r u c t u r e   i s   g r e a t e r .  
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APPENDIX D 

DESIGN LAYOUT STUDIES 

The d e s i g n   l a y o u t   s t u d i e s   w e r e   c o n d u c t e d   t o   i d e n t i f y   p r o b l e m   a r e a s   a n d   t o  
i n v e s t i g a t e   p o t e n t i a l   s o l u t i o n s   f o r   d e s i g n   d e t a i l s   s u c h  as  panel   in ter faces,  
sealing,  assembly, beam backup, man i fo ld ing ,   and  tempera ture   equa l iza t ion .  The 
d e s i g n   s o l u t i o n s   w a r r a n t i n g   f u r t h e r   s t u d y  were   incorpora ted   in to   the   concept  
e v a l u a t i o n  and t r a d e o f f   s t u d y   c o n f i g u r a t i o n s .   I n   g e n e r a l ,   t h e   l a y o u t   s t u d i e s  
were  used t o   g u i d e   t h e   a n a l y t i c a l   e f f o r t s ,   r a t h e r   t h a n   t o   e v o l v e   d e t a i l e d  
mechanica l   des ign  so lu t ions,   but   the  seal   and  mani fo ld   des igns  used  in   des ign 
procedures  and  weight  est imates  were a d i r e c t   r e s u l t   o f   t h i s   l a y o u t   s t u d y .  

General  Problem  Areas 

The genera l   problems  that   were  cons idered  inc luded 

0 Accommodation of thermal   expans ion   in   the   p lane of t h e   p a n e l s   r e l a t i v e  
t o   t h e   s u r r o u n d i n g   p a n e l s  and s u p p o r t i n g   s t r u c t u r e  

0 Achievement o f  a smooth  aerodynamic  surface and p r e s s u r e - t i g h t   s e a l  
between  panels,   wi th some undefined  leakage 

0 Coolant   mani fo ld ing  between  panels  

0 Method o f   a t t a c h m e n t   o f   p a n e l s   t o   t h e   s u p p o r t i n g   s t r u c t u r e - - i . e . ,  
t h e  method o f   p a n e l   i n s t a l l a t i o n  

0 Method o f   r e d u c i n g   o r   e l i m i n a t i n g   t h e r m a l   l a g   o f   p a n e l   p r i m e   s t r u c t u r e  
w i th   respec t   to   heat   exchanger   sur faces  

S p e c i f i c   A p p l i c a t i o n s  

Any s t u d y   o f   p a n e l   c o n c e p t s   r e q u i r e s   c o n s i d e r a t i o n   o f   p r o b l e m s   r e l a t i v e  
t o   i n s t a l l a t i o n ,   b u t   s o l u t i o n   o f   t h e s e   p r o b l e m s   r e q u i r e s   d e f i n i t i o n   o f  a speci -  
f i c   a p p l i c a t i o n .  The cu r ren t   l ayou t   s tud ies ,   t he re fo re ,   on l y   eva lua ted   t hese  
p rob lems   i n  a q u a l i t a t i v e  way. The problems  are 

0 Magn i tude   o f   t h rus t   l oads   and   acce le ra t i on   body   f o rces   ac t i ng   i n   t he  
p l a n e   o f   t h e   p a n e l s  and t h e  need t o   p r o v i d e   a x i a l   s u p p o r t .  These 
l o a d s   a r e   r e l a t e d   t o   t h e   l e n g t h   o f   p a n e l   a r e a   u n d e r   c o n s i d e r a t i o n .  

0 Type  and s i z e   o f   a l l o w a b l e   s u r f a c e   d i s c o n t i n u i t i e s  between  panels  and 
t h e  need t o  limit o r   c o n t r o l  such d i s c o n t i n u i t i e s .  An appraoch  pred- 
i c a t e d   o n   t h e   a c c e p t a b i l i t y   o f  gaps a t   s t a r t u p  and   c losu re   o f   t he  
gaps i n   o p e r a t i o n  was used i n   t h i s   s t u d y .   T r a n s v e r s e  gaps  should 
c l o s e   i n  such a way t h a t   t h e  gas  stream  does  not  impinge  on a panel  
edge  but,  rather,  experiences an expans ion   i n   pass ing   t he   i n te r face .  
T h i s   r e q u i r e s   t h a t   p a n e l   s u r f a c e s  be o f f s e t   r e l a t i v e   t o  one  another. 
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Type o f  access   ava i l ab le   f o r   pane l   i ns ta l l a t i on ,   i . e . ,   moun t ing  and 
m a n i f o l d i n g .   A c c e s s   t o   t h e   b a c k   o f   t h e   p a n e l s   i s   t h e   m o s t   d i r e c t  
approach t o   t h e  problem,  but t h i s  assumption may lack  real ism.  Access 
o n l y   f r o m   t h e   f r o n t   o f   t h e   p a n e l s  becomes e x t r e m e l y   r e s t r i c t i v e .  
Access t o  t h e   p a n e l s ,   o r   a t   l e a s t   t o   t h e   p l u m b i n g ,   a t  some s t a t i o n  
a l o n g   t h e   l e n g t h   ( i n  a nonregenerat ive ly   cooled  reg ion,   for   example)  
represents  an intermediate  approach,  and  in  def in ing  concepts,  i t  was 
g e n e r a l l y  assumed t h a t  such  access was a v a i l a b l e .  

P r o b l e m   A r e a   I d e n t i f i c a t i o n  

For t h i s  d iscuss ion ,   the   genera l  and s p e c i f i c   p r o b l e m s   r e l a t i v e   t o   e x t e r n a l  
l o a d s   a r e   c a t e g o r i z e d   a c c o r d i n g   t o   g e n e r a l   p a n e l   l o c a t i o n ,   a n d   t h e n   t h e   s p e c i f i c  
a r e a s   i n   t h e   p a n e l   t h a t   a r e   a f f e c t e d   a r e   i n d i c a t e d .  

Pane l   in te r faces . -  As present ly   env isaged,   the  jo in t   between  panels   inc ludes 
several   e lements  of   the  panel .   These  include  the seals and m a n i f o l d s   t h a t  must 
be capable o f  f u n c t i o n i n g   i n  a vary ing   tempera ture  and geometr ical   environment.  
O t h e r   c o n s i d e r a t   i o n s   s p e c i f i c a l l y   r e l a t e d   t o   t h e   i n t e r f a c e   a r e   t h e   f i t - u p   o f   t h e  
panels,  access t o  o r  rep lacement   o f   panels ,  and  smoothness o f   t h e   j o i n t  between 
pant  1 s .  

Man i fo ld ing . -  The p r i m a r y   l a y o u t   p r o b l e m s   w i t h   t h e   m a n i f o l d s   a r e   r e l a t e d   t o  
t h e   n e c e s s i t y   t o   p r o v i d e  f o r  the  seals  and t h e   j o i n t   a r e a   w i t h   t h e   p a n e l .  

Seal ing:  The m a n i f o l d  and   sea l   des ign   a re   genera l l y   i n t ima te l y   re la ted  due 
to   t he   requ i remen ts   o f   sea l   moun t ing  and coo l i ng   t he   l oca l   a rea .  The seal  
l oca t i on   i n   t e rms   o f   t he   d i s tance   f rom  the   pane l   ou te r   su r face  will a f f e c t  mani- 
f o l d   c o m p l e x i t y  and pressure  drop.  I f  the  seal  i s  l oca ted  as c l o s e   t o   t h e   s u r -  
face a s  poss ib le ,   t he   man i fo ld  wi 1 1  have t o   p r o v i d e   f o r   s h a r p   t u r n s   o f   t h e   c o o l -  
a n t  t o   a v o i d   t h e   s e a l .  These: t u r n s  will i n t r o d u c e   a d d i t i o n a l   j o i n t s ,   w h i c h  
c o ~ s i d e r a b l y   i n c r e a s e   m a n i f o l d   c o m p l e x i t y .  On t h e   o t h e r  hand, i f  m a n i f o l d  
; : ~ t . - ~ i i s  a r c   s i m p l i f i e d  by p lac ing   the   sea l   under   the   man i fo ld ,   undes i rab le   f low 
~ f f e c t s  may resu l t   f r om  the   re la t i ve l y   deeper   s lo t   be tween   the   pane ls ,  and 
suppor t  o f   t hc   sea l   p ressu re  load may be more d i f f i c u l t .  

Access: The problem of l o c a t i n g   t h e   m a n i f o l d   c o n n e c t i o n s  so  t h a t   t h e y  may 
b e  reached fo r   rou t ine   repa i rs ,   ma in tenance,   o r   rep lacement  i s  i n c l u d e d   i n   t h i s  
ca tegory .   S ince   the   man i fo ld  w i l l  g e n e r a l l y  be welded to   t he   pane l ,   remova l   o f  
a panel will r e q u i r e   a c c e s s i b i l i t y   o f   t h e   f i t t i n g   c o n n e c t i o n s .  

S t r u c t u r a l   e f f e c t s  on  panel  and beams: A l t h o u g h   t h i s   p r o b l e m  was no t  
cove red   i n   t h i s   s tudy ,  i t  i s  a d e s i g n   c o n s i d e r a t i o n .   A p p r o p r i a t e   d e s i g n   o f  
t he   pane l   and   man i fo ld   j o in t   cou ld  be the  key t o   e l i m i n a t i n g  any  problems i n  
t h i s   a r e a .  

Seal ds.  : m q . -  The seal   des ign will be c r i t i c a l  ' to many o f   t h e   p a n e l   c o n f i g -  
u r a t i o n s   a t  c l l c  2x t reme  ope ra t i ng   cond i t i ons   t ha t  may be exper ienced. A t  t h e  
h ighe r   hea t   f l uxes ,   coo l   i ng   o f   t he   sea ls  becomes an  important  considerat   ion.  A t  
t he   h ighe r   ope ra t i ng   p ressu res ,   suppor t   o f   t he   sea l  and t h e   a c t u a l   s e a l i n g  
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mechanism may become c r i t i c a l .  As discussed above, t h e   m a n i f o l d   d e s i g n   i s  
h e a v i l y   a f f e c t e d   b y   t h e   s e a l   c o n f i g u r a t i o n .   W h a t e v e r   s e a l   d e s i g n   i s   s e l e c t e d ,  
f u l l  t he rma l   expans ion   o f   t he   pane ls   mus t   be   poss ib le .   S l i d ing   sea ls   and  
b e l l o w s   s e a l s   a r e   b o t h   c a n d i d a t e s   f o r   t h e   p a n e l   s e a l i n g   a p p l i c a t i o n .  

Corner  ef fects:   For  cases  where  four  edge  seals  are  required,  the  corners 
o f   t he   pane l   p resen t   spec ia l   p rob lems   i n   sea l   des ign .   P reven t ing  gas  leakage i n  
such a s i t u a t i o n  can  be v e r y   d i f f i c u l t .   F o r   s l i d i n g   s e a l s   i n   p a r t i c u l a r ,  a 
c o m p l i c a t e d   c o n f i g u r a t i o n  may r e s u l t .  

Tempera tu re   con t ro l :   I n  a1 1 b u t   t h e   l o w   h e a t   f l u x  cases, the  seal  tempera- 
t u r e  must be c o n t r o l l e d   e i t h e r   b y   a c t i v e   o r   p a s s i v e   c o o l i n g .   A c t i v e   c o o l a n t  
schemes, such  as   f low ing   coo lan t   a long  the   sea l  ( f  i I m  c o o l i n g )   o r   f l o w i n g   c o o l -  
ant   through a sandwich  seal, may be requ i red .   Pass i ve   coo l i ng   cou ld  be s u p p l i e d  
by the   man i fo lds ;   t h i s   wou ld   be  a p r e f e r r e d  method  because o f  i t s  s i m p l i c i t y .  

Beam backup.-  Design o f   t h e  beams f o r   t h e   e x t e r n a l   p r e s s u r e   l o a d   i s   d i s -  
cussed i n   d e t a i l  as p a r t   o f   t h e   s t r u c t u r a l   o p t i m i z a t i o n   a n a l y s i s .  The f o l l o w i n g  
t o p i c s   i n c l u d e   d e t a i l s   t h a t   a r e   p e r t i n e n t   t o   l a y o u t   s t u d i e s  and  are  not   gener-  
a l l y   p a r t   o f  a d e t a i l e d   l o a d s   a n a l y s i s .  

D i f f e r e n t i a l   t h e r m a l   e x p a n s i o n :   D i f f e r e n t i a l   t h e r m a l   g r o w t h   o f   t h e  beams, 
panels,  and  airframe  must be considered. The thermal  loads  generated  by  con- 
s t r a i n e d   s t r u c t u r a l  components  would  be p r o h i b i t i v e   i n  most  cases  considered  in 
t h i s  p rog ram.   There fo re ,   g rowth   o f   t he   pane ls   re la t i ve   t o   t he  beams and growth 
o f  t h e  beams r e l a t i v e   t o   t h e   a i r f r a m e  will be  accommodated by some t y p e   o f  
s l i d i n g   a t t a c h m e n t s .   I n   g e n e r a l ,   t h e r e  will be a f i x e d   p o i n t   t h r o u g h   w h i c h  
a c c e l e r a t i o n  and  aerodynamic  loads  are  carr ied,   and  o ther   requi red  a t tachments 
will be f r e e   t o  move i n   t h e   d i r e c t i o n   o f   t h e r m a l   g r o w t h .  The d e s i g n   o f   t h e  
at tachments,   therefore,  will be c r i t i c a l   t o   t h e  success o f  a pane l   con f i gu ra t i on .  
I n   t h e   d e s i g n   l a y o u t  phase, severa l  schemes f o r   h a n d l i n g   t h i s   p r o b l e m   w e r e  con- 
s i d e r e d   w i t h   t h e   o b j e c t i v e  o f  de te rm in ing   t he  more  reasonable  arrangements  in a 
q u a l   i t a t   i v e  way. 

Heat leak:  Depending on t h e   s p e c i f i c   a p p l i c a t i o n ,   f l o w  o f  heat   through  the 
beams (and t o  them) may be undes i rab le .   Tempera ture   d i f fe rences   across   the  beam 
h e i g h t  may l e a d   t o   t h e r m a l   s t r e s s  and  deformation o f  t h e  beams t h a t  may no t  be 
a c c e p t a b l e .   H e a t i n g   o f   t h e   a i r f r a m e   i t s e l f   o r   o f  components i n   t h e  immediate 
area may be a se r ious   des ign   cons ide ra t i on .   I nsu la t i on   t echn iques   a t   t he   pane l -  
to -beam  a t tachments   and/or   the   pane l - to -a i r f rame  jo in ts   wou ld  be a p o t e n t i a l  
s o l u t i o n .   I n   a d d i t i o n ,   a c t i v e   c o o l i n g   o f   t h e  beams, by means o f   e i t h e r   e x t r a  
p i p i n g   o r   t h e   e x i s t i n g   p i p i n g ,  i s  poss ib le ,  as a r e   c o m b i n a t i o n s   o f   i n s u l a t i o n  
and c o o l i n g .   P o s s i b l e   m e t h o d s   o f   i n s u l a t i n g   o r   c o o l i n g   t h e  beams were  not 
i n c l u d e d   i n   t h e   l a y o u t   s t u d i e s .  

Access:   Poss ib le   requi rements  for   removal   o f   panels   or   panel   and beam 
combinat ions  would make a t t a c h m e n t   a c c e s s i b i l i t y  a necess i t y .  As mentioned 
above: a c c e s s i b i l i t y  has a q u a l i t a t i v e   i n f l u e n c e  on a l l   o f   t h e   l a y o u t   s t u d i e s .  
Access may be more des i rab le   f o r   t he   pane l - to -beam  a t tachmen ts   t han   f o r   t he  
beam-to-a i r f rame  connect ions  because  repai r   and  inspect ion  o f   coolant   systems 
o r   a i r c r a f t  components  under  the  panels may be poss ib le   w i thout   remov ing   the  
beams. 



O r i e n t a t i o n :  To suppor t   the   s t ruc tu ra l   loads ,   the   p r ime  pane ls   must  be 
o r i e n t e d  w i t h  webs p e r p e n d i c u l a r   t o   t h e   d i r e c t i o n s   o f   t h e  beams. The o r i e n t a -  
t i o n  of  t h e   c o o l a n t   f l o w   d i r e c t i o n   i n   t h e   h e a t   e x c h a n g e r   f o r   c o n f i g u r a t i o n s   i n  
wh ich   the   heat   exchanger   i s   no t   in tegra l  w i th  t h e   s t r u c t u r a l   p a n e l   i s  somewhat 
more a r b i t r a r y  and  can  be v a r i e d  t o  s u i t   p a r t i c u l a r   a p p l   i c a t i o n .   B r i e f  con- 
s i d e r a t i o n  has  been  given i n   t h e   l a y o u t   s t u d i e s   t o   c o n f i g u r a t i o n s  wi th  t h e  beams 
and   coo lan t   f l ow   pa ra1   l e l .  However, f o r   t h e   m a j o r   p o r t i o n   o f   t h e   p r e s e n t   i n v e s -  
t igat* ion,   the beams have  been o r i e n t e d   p e r p e n d i c u l a r   t o   t h e   c o o l a n t   f l o w .  (See 
f i g u r e  4.) With t h i s  arrangement,  each beam o p e r a t e s   a t  a un i form  temperature;  
and  a l though i t was n o t  done in   t he   p resen t   s tudy   l i gh twe igh t - l ow   tempera tu re  
m a t e r i a l s   c o u l d  be  used f o r   t h e  beams l o c a t e d   a t   t h e   c o l d  end of the   pane l .  

Add i t iona l   Des ign   Cons idera t   ions  

Temperature  equal izat ion.-   Severe  thermal  stresses may o c c u r   i n   t h e   p a n e l  
p r ime   s t ruc tu re   (and  beams) i f  proper   des ign  is   not   implemented.   Dur ing  the 
warmup o r   s t a r t u p   p o r t i o n   o f   t h e   p a p e l   o p e r a t i o n ,   t r a n s i e n t   t h e r m a l   g r a d i e n t s  
may occur  due t o   t h e   n a t u r e   o f   t h e   h e a t   a p p l i c a t i o n ,   i . e . ,  on one s i d e  of t h e  
panel .  One o f   t h e   p o s s i b l e   s o l u t i o n s   t o   t h i s   p r o b l e m   i s   t h e   c o n t r o l l e d   d u c t i n g  
o f   a d d i t i o n a l   c o o l a n t   t o   t h e   p r i m e   s t r u c t u r e   p o r t i o n  of the  panel .  The genera l  
assumption made i n   t h i s   p r o g r a m  was t h a t   p o t e n t i a l   t r a n s i e n t   t h e r m a l   g r a d i e n t  
problems  would be s o l v e d   i n  a s p e c i f i c   d e s i g n   b u t   t h a t   g e n e r a l i z a t i o n   t o  encom- 
pass a l l  des igns  would  not  be p r o f i t a b l e .  

Layout  desiqn  assumptions.- A number o f  layout  design  assumptions  were 
made. These  assumptions  are  l is ted  below. 

0 A s ing le   pane l  will be 2 f t  by 2 f t  (0.61 m by 0.61 m).  

0 The tempera ture   in   the   p lane  o f   each  pane l  and i n   t h e   a i r f l o w   d i r e c -  
t i o n  will increase  f rom 500'R (278'K) a t   t h e   c o o l a n t   i n l e t  end t o  
2000'R ( 1 1 1 0 ' K )  a t   t h e   c o o l a n t   o u t l e t  end  on the   ho t   su r face .  The 
p r i m e   s t r u c t u r e  w i l  1 opera te   a t  400'R (222'K) l e s s   t h a n   t h i s   a l o n g  
i t s   e n t i r e   l e n g t h .  

0 The panel   suppor t   s t ructure  (backup beams, a i  r f  rame, and  panel  prime 
s t r u c t u r e   i n   t h e   c a s e  where  the  heat   exchanger   is   mechanica l ly  
a t tached)  will be a t  a t e m p e r a t u r e   t h a t   i s   u n i f o r m  and d i f f e r e n t  
f rom  the   i n teg ra l   pane l   p r ime   s t ruc tu re   t empera tu re   o r   t he   a t tached  
heat  exchanger  temperature. 

0 The panels   form a c i r c u l a r   s u r f a c e ,  as shown i n   f i g u r e  29,  where 
c i r c le   d iamete rs   a re   abou t  20 t o  40 f t  ( 6 .  I t o  12.2 m). Both  inner 
s u r f a c e s ,   w h i c h   a t t a c h   d i r e c t l y   t o   t h e   a i r f r a m e ,  and o u t e r   ( c o w l )  
sur faces,   separated  f rom  the  inner   sur faces and fo rm ing  an annulus 
w i th  these,  are  involved. 

0 All panels  on one s u r f a c e   a r e   s u b j e c t e d   t o   t h e  same o p e r a t i n g  
cond i t  ions. 
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The d i f f e r e n c e s   b e t w e e n   c o n f i g u r a t i o n s   i n c l u d e   t h e   f o l l o w i n g :  

D i r e c t i o n   o f  gaps  between  panels ,   i .e . ,   longi tundina l   gaps  on ly   or  
l o n g i t u d i n a l  and t ransve rse  gaps 

0 The t y p e   o f   d i s c o n t i n u i t y   i n   t h e   p a n e l   s u r f a c e   a t   p a n e l   I n t e r f a c e s  

0 Seal   ing   requ i rements   a t   pane l   in te r faces  

0 Panel   external   mani fo ld ing  assembly  requi rements 

0 Thermal  loading  due t o   t h e   t y p e   o f   p a n e l   i n t e r f a c e  

0 Type and  f requency  of   panel   assembly  axial   load  supports 

0 Method o f   pane l  o r  pane l   assemb ly   i ns ta l l a t i on  

Pre l   iminary  Survey 

The p re l   im ina ry   su rvey   p rov ided   an   oppor tun i t y   t o   assess   t he   des ign   poss  i- 
b i  1 i t  i es .   F i ve   p re l   im ina ry   con f i gu ra t i ons   were   i nves t i ga ted   wh ich   cons ide r   an  
i n te rmed ia te   l oad   o f  100 p s i  ( 6 8 9  kN/m2) and i n t e r m e d i a t e   h e a t   f l u x   o f  250 Btu/  
sec- f t * ( 2840 kW/m*) . 

C o n f i q u r a t i o n  1 . -  I n   c o n f i g u r a t i o n  I ,  shown i n   f i g u r e  29, p a n e l s   a r e   j o i n e d  
i n   t h e   l o n g i t u d i n a l   d i r e c t i o n   o f   t h e   v e h i c l e   l e a v i n g   r a d i a l  gaps  between  rows. 
T h i s   c o n f i g u r a t i o n   i m p l i c i t l y  assumes t h e   e x i s t e n c e   o f   l o n g i t u d i n a l  backup mem- 
bers to   p rov ide   con t inuous   suppor t   to   the   thermal ly   expand ing   pane l   assembly .   In  
addi t ion,   the  ar rangement  assumes t h e   e x i s t e n c e   o f  a s i n g l e ,   f i x e d ,   a x i a l - s u p p o r t  
s t a t i o n   f o r   f r e e   e x p a n s i o n   o f   t h e   p a n e l s .  Because b o t h   h o t  and c o l d  ends o f  
t h e   p a n e l s   a r e   t i e d   t o   a d j a c e n t   h o t  and c o l d  ends, a temperature-matching  prob- 
lem a t   t he   co ld -end   i n te r face  i s  much less  severe  because,  in  general ,   coolant 
i n l e t  temperatures wi l l  be more p r e d i c t a b l y   u n i f o r m   t h a n   o u t l e t   t e m p e r a t u r e s .  
Such an   a r rangement   e l im ina tes   r i gh t   ang le   sea l   i n te r faces   a t   t he   pane l   j unc t i on ,  
b u t   l i m i t a t i o n s  on t h e   f r e q u e n c y   o f   a x i a l   s u p p o r t   a p p e a r   r e s t r i c t i v e  i f  l a r g e  
panel  areas  must be suppor ted .   In   genera l ,  however,  the  panel  area  subject t o  
h igh   p ressure  and h e a t - f l u x   l o a d i n g  and r e q u i r i n g  smooth  surfaces will be lim- 
i t e d .   O u t s i d e   t h i s   h i g h   l o a d i n g  area,  the  panel  area  can  then be t r a n s v e r s e l y  
i n t e r r u p t e d   t o   p e r m i t   a d d i t i o n a l   a x i a l   s u p p o r t .   C o n f i g u r a t i o n  I was d ismissed 
f r o m   f u r t h e r   c o n s i d e r a t i o n  because i t  seemed t o   r e s t r i c t   t h e   a p p l i c a b i l i t y ,   b u t  
modifying  assumptions  would make the  ar rangement   a t t ract ive  because i t  does 
s i m p l i f y   t h e   s e a l i n g   p r o b l e m .  

C o n f i g u r a t i o n  2.- The l a y o u t   f o r   c o n f i g u r a t i o n  2 i s  shown i n   f i g u r e  30. 
A l l  p a n e l s   a r e   j o i n e d   t o  one a n o t h e r   i n  a f i x e d   r e l a t i o n s h i p   ( f o r  example, 
hoop r i n g s   a t  a g i ven   s ta t i on   connec t   a l l   pane ls   a round   the   c i r cumfe rence) .  A 
s i n g l e   a x i a l - s u p p o r t   s t a t i o n  i s  p rov ided,   and  th is   a r rangement   a l lows  f ree  
l ong i tud ina l   expans ion .  A fea ture   o f   the   a r rangement  i s  that   dynamic  seals 
between  panels   are  e l iminated  and  rep laced  by  s ta t ic   f lex ing  seals .   Ser ious 
po ten t i a l   p rob lems   i nc lude  ( I )  the  need t o  have  closely  matched  metal  tempera- 
t u r e s  between  adjacent  panels,  and ( 2 )  t h e   f a c t   t h a t   t h e   p a n e l s  now fo rm  c losed 
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cy1  inders  and consequent ly  take  on a cone  shape i n  o p e r a t  ion.  O n  a 2 0 - f t  
(6. I-m) d iameter ,   fo r  example, d i a m e t r a l   g r o w t h  w i l  1 be 3 i n .  (7 .62  cm) a t  
pane l   ho t   ends .   Th i s   t ype   o f   noncy l   i nd r   i cs l   g rowth  i see f i g u r e  30)  appears 
o b j e c t i o n a b l e  i f  the  panels   are  used  as  in ternal   engine  sur faces.   Th is   factor ,  
comb,ined w i t h   t h e   u n c e r t a i n t y  o f  the   thermal   load ing ,   led  to e l i m i n a t i o n   o f  
t he   concep t   f rom  fu r the r   cons ide ra t i on .  

.Conf i q u r a t i o n  3.- I n   t h e   c o n f i g u r a t i o n  shown i n   f i g u r e  31a, the   pane ls   a re  
used i n   g r o u p s   o f  two, w i t h  each  group  having i t s  own a x i a l   s u p p o r t .  The t rans -  
verse gap p r e s e n t   a t   t h e   s t a r t   o f   p a n e l   h e a t i n g   a n d   t h e   u n c e r t a i n t y   o f   f o r m i n g  
a smooth c l o s u r e   o f   t h e  gap i n   o p e r a t i o n   a r e   o b j e c t i o n a b l e   f e a t u r e s   o f   t h i s  
c o n f i g u r a t i o n .   I n   a d d i t i o n ,  i t  will be d i f f i c u l t   t o   p r o v i d e   t h e   n e c e s s a r y  
dynamic  pressure  seal  a l l  a round  the   two  jo ined  pane ls .   Th is   t ype   o f   sea l ing  
problem will p robab ly  be encountered   in  any a p p l i c a t i o n   i n v o l v i n g   r e g e n e r a t i v e l y  
cooled  surfaces,  however,   and  therefore i t  was w o r t h   a t t e m p t i n g  a s o l u t i o n .  
F i g u r e  31b shows p a n e l s   t h a t   a r e   t a p e r e d   i n   t h e   l o n g i t u d i n a l   d i r e c t i o n   t o   m i n i -  
m i z e   t h e   t o t a l   l o n g i t u d i n a l  gap a rea .   P rob lems   i nvo l ved   i n   f ab r i ca t i ng   t he  
pane ls   i n   t he   t ape red  shape  do not  appear t o  be p r o h i b i t i v e .  The p r i n c i p a l  
f e a t u r e   o f   t h i s   a r r a n g e m e n t  i s  t h a t   a l l   h o t  o r  c o l d   e x t e r n a l   m a n i f o l d s  and a l l  
ax ia l - suppor t   s ta t i ons   a re   co inc iden t   (no t   s taggered ,  as i n   c o n f i g u r a t i o n   3 a ) .  
T h i s   c o n f i g u r a t i o n   ( 3 a )  was s e l e c t e d   f o r   f u r t h e r   i n v e s t i g a t i o n   o f   d e s i g n  
p rob 1 ems. 

Conf i q u r a t i o n  4 . -  I n   t h e   c o n f i g u r a t i o n  shown i n   f i g u r e  32, an o v e r l a p   o f  
a d j a c e n t   p a n e l s   i n   t h e   l o n g i t u d i n a l   d i r e c t i o n  i s  used t o   e l i m i n a t e  gap d iscon-  
t i n u i t y .  The mechan ica l   p rob lems   assoc ia ted   w i th   t h i s   con f i gu ra t i on   a re   t he  
same as those   encoun te red   w i th   con f i gu ra t i on  3. I n   t h e   a r e a   o f   o v e r l a p ,  however, 
an add i t i ona l   t he rma l   l oad  i s  imposed on the  underside  panel   because  the  metal  
temperature will t e n d   t o   e x p e r i e n c e  a step  change due t o   d i r e c t  
coo lan t   tempera ture .   Consequent ly ,   th is   con f igura t ion  was e l i m i  
f u r t h e r   s t u d y .  

C o n f i q u r a t i o n  5.- F igu re  33a shows an a r ray   o f   s ing le   pane l  
two  pane ls   o r  more r i g i d l y   j o i n e d .   F e a t u r e s   o f   t h i s   c o n f i g u r a t i  
e l i m i n a t i o n   o f   t h e r m a l   s t r e s s e s   a t   t h e   i n t e r f a c e s   o f   j o i n e d  pane 

exposure t o   t h e  
nated  f rom 

s as opposed t o  
on i nc lude   t he  
1s and the  

p o t e n t i a l   f o r   t i e - d o w n   o f   e a c h   i n d i v i d u a l   p a n e l   t o   t h e   s u p p o r t i n g   s t r u c t u r e .  
The panels  shown i n   f i g u r e  33b are   tapered and i n s t a l l e d   i n  such a way t h a t   c o l d  
and  ho t   ends   o f   ad jacent   pane ls   a re   nex t   to   each  o ther .   In   bo th  cases, t h e  
seal   sur faces will be exposed to   l a rge   t empera tu re   g rad ien ts ,   bu t   conduc t ion ,  
i n   c o n j u n c t i o n   w i t h  a moderate amount o f   c o o l i n g ,  will reduce   t he   po ten t i a l  
g r a d i e n t s .  The most a t t r a c t i v e   f e a t u r e  o f  the  ar rangement   in   f igure 33b appears 
t o  be t h a t   a l l   s e a l s   n o r m a l   t o   t h e   a i r f l o w  will be a t   t h e  same  mean temperature.  
Consequently, a poss ib le   so lu t i on   t o   t he   sea l   p rob lem  m igh t   be  one wh ich   permi ts  
moun t ing   o f   t he   pane ls   d i rec t l y   t o   t he   suppor t   s t ruc tu re   w i thou t   p rec i se   t emper -  
a t u r e   c o n t r o l   o f   t h e   s e a l s .   T h i s   c o n f i g u r a t i o n   ( 5 b )  was s e l e c t e d   f o r   f u r t h e r  
i nves t i ga t i on   o f   des ign   p rob lems .  

Deta i   led  Study 

C o n f i g u r a t i o n s  3a  and 5b o f   t h e   p r e l   i m i n a r y   s u r v e y   w e r e   s e l e c t e d   f o r  a more 
d e t a i   l e d   s t u d y   a t   t h e   i n t e r m e d i a t e   l o a d  and hea t   f l ux ,  100 p s i  (689 kN/m2) and 
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250 Btu /sec- f t2   (2840 kW/m2) d e s i g n   p o i n t .   I n   a d d i t i o n   t o   t h e   g e n e r a l   s t u d y ,  
d e t a i l e d   p r o b l e m s   p e c u l i a r   t o   t h e   c o n c e p t  I p a n e l   ( f i g u r e   3 )   a t   t h e  low l oad  
and f l u x   c o n d i t i o n s ,  7 p s i   ( 4 8  kN/rn2) and IO B t u / s e c - f t 2  ( I  14  kW/rn*), and t o  
the  concept  3 p a n e l   ( f i g u r e  5 a t   t h e   h i g h   l o a d  and f l u x   c o n d i t i o n s ,  250 p s i  
( I720 kN/m2) and 500 Btu/   sec-f   t2  (5680 kW/m2), were  exami  ned. 

C o n f i q u r a t i o n  3a.- The b a s i c   c o n f i g u r a t i o n ,   i l l u s t r a t i n g   v a r i o u s   d e s i g n  
c o n s i d e r a t i o n s ,   i n c l u d i n g   t h e   m e t h o d   o f   i n s t a l l a t i o n ,   i s  shown i n   f i g u r e  34. 
It shou ld   be   no ted   tha t   the  beam o r i e n t a t i o n   r e t a i n e d   f o r   t h e   c o n c e p t   e v a l u a t i o n  
was o r i e n t a t e d  90 degrees   f rom  the   pos i t i on  shown. A l t e r n a t e   m a n i f o l d i n g  
arrangements  are shown i n   f i g u r e  35, and a second sea l i ng   t echn ique  i s  i l l u s -  
t r a t e d   i n   f i g u r e  36. 

M a n i f o l d s :  The m a n i f o l d   d e s i g n s   i n c l u d e   p r o v i s i o n s   f o r   l o c a t i o n   o f   t h e  
seal  'at one end o f   t h e   p a n e l ;   t h e   o t h e r  end i s   b o l t e d   t o   t h e   a d j a c e n t   p a n e l   i n  
t h i s  c o n f i g u r a t i o n .  The f i g u r e s  show the   i n f l uence   o f   t he   sea l  on m a n i f o l d  
comp lex i t y .   P ressu re   con ta inmen t   i n   f l a t   sandw ich   sec t i on   i s   p rov ided  by f i n s  
as i n  t h e  hea t   exchanger .   F low   d i s t r i bu t i on   t echn iques   f o r   t he   rec tangu la r  
m a n i f o l d s   a r e  shown i n   f i g u r e  35. 

Sea l i ng :   F igu re  34 shows o v e r l a p p i n g   s e a l s   u s e d   a t   t h e   r i g h t   a n g l e   i n t e r -  
f aces   o f   t he   pane ls .   Th i s   t ype   o f   sea l   has  some inherent  leakage.  Whether  or  
not  such  leakage  is  permissible  and  the l i m i t s  o f  the  leakage  that   can be 
t o l e r a t e d  will depend  on t o l e r a n c e s   p o s s i b l e   f o r   t h e   s p e c i f i c   i n s t a l l a t i o n .  No 
c o o l i n g   p r o v i s i o n s   f o r   t h e   s e a l s   a r e  shown based  on  assumption  that  gaps  between 
panels  will c lose  up a t   o p e r a t i o n  and t h a t   t h i s   c l o s u r e  will e f f e c t i v e l y   p r o -  
t e c t   t h e   s e a l s .   F i g u r e  36 shows an improved  seal i n  terms  of  reduced  leakage, 
bu t   t he   pe rpend icu la r   sea l  must be m a i n t a i n e d   a t   a i r c r a f t   s t r u c t u r a l   t e m p e r a t u r e  
to   avo id   thermal   loads   on  i t  and  on t h e   l o n g i t u d i n a l   s e a l s .  

I n s t a l l a t i o n :   F i g u r e  34 shows a bol t   connect ion  between  the  backup beams 
and t h e   a i r c r a f t   s t r u c t u r e .  A s  shown, the  des ign  requi res  access f rom t h e  
r e a r   o f   t h e   p a n e l s   f o r   i n s t a l l a t i o n .   I n   f i g u r e  36, the  panel  i s  i n s t a l l e d  by 
s l i d i n g  t h e  backup beams i n t o  a b r a c k e t   a t t a c h e d   t o   t h e   a i r c r a f t   s t r u c t u r e ,  
w i t h  t h e  f i x e d   a t t a c h m e n t   a t  one end of  the  two-panel  assembly. T h i s  des ign 
a p p e a r s   s u i t a b l e   f o r   i n s t a l l a t i o n   f r o m   t h e   f r o n t   s i d e   o f   t h e   p a n e l s .  

Conf iqura t ion   5b . -   F igure  37 shows the   pane l   assembly   layout   fo r   con f igura-  
t i o n  5b, which  inc ludes a unique  seal   design. The use o f  a doub le   se t   o f   l ong i -  
t u d i n a l   s e a l   s t r i p s   ( s e e   s e c t i o n   a - a   f i g u r e  3 7 )  perm i t s   t he   use   o f  a cont inuous 
sea l   a round  the   pane l   edges   w i thout   cons t ra in t   o f   the   sea ls   runn ing   in   e i ther  
t h e   l o n g i t u d i n a l   o r   t h e   t r a n s v e r s e   d i r e c t i o n .   V a r i o u s  methods o f   c o n n e c t i n g  
t h e   t r a n s v e r s e   s e a l   s t r i p s   a r e  shown i n   f i g u r e  38. Deta i led  des ign  work  would 
be r e q u i r e d   b e f o r e   t h e   b e s t   c o n n e c t i o n   f o r   t h e   a p p l i c a t i o n   c o u l d  be selected, 
b u t   t h e   t e n s i o n   l a t c h  and d o v e t a i l   c l i p   c o n n e c t i o n s   a p p e a r   a t t r a c t i v e .   T h i s  
un ique  sea l   des ign   requ i res   the   ma in tenance  o f   c lose   f i t -up   to le rances   in   bo th  
f a b r i c a t   i o r l  and operat   ion.  

app-llic-a.t ions.-  A concept I 5ane l   des igned  fo r  
and I O  B tuJsec - f t2  ( I14 kW/m ) h e a t   f l u x  was 
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examined to   de termine   whether   sea l ing   wou ld  be s i m p l i f i e d   a t   t h e   l e s s   s e v e r e  

34 

1 



h e a t i n g   l e v e l  and  whether   bo l t ing   th rough  the   pane l   wou ld  be p r a c t i c a l   a t   t h e  
low  f luxes.  The p a n e l   i s   s i m i l a r   t o   t h a t  shown i n   f i g u r e  34 ,  excep t   t ha t  a 
s ing le - layer   sandwich   pane l  i s  used fo r   coo lan t   con ta inmen t   and   ex te rna l   l oad  
c a p a b i l i t y .   V a r i o u s   m e t h o d s   o f   s e a l i n g  and i n s t a l l i n g   t h e   p a n e l s  were  con- 
s idered,  but   the  opt imum  methods  were  the same f o r   b o t h   h i g h -  and  low-heat- f lux 
panels.  Two sea l   des igns   inves t iga ted   and  de termined  to  be u n s u i t a b l e   a r e  
descr.ibed  below. 

0 Bel lows  seals  around  the  edges. A t  t h e   i n t e r s e c t i o n   o f   t h e   t r a n s -  
verse and l o n g i t u d i n a l   s e a l s  where  four  panel   corners  are  expanding 
t o w a r d   t h e   i n t e r s e c t i o n ,   t h e r e  i s  a tendency t o   t e a r   t h e   b e l l o w s  i f  
i t  i s   t i e d   t o   t h e   p a n e l s .  The problem  could be e l im ina ted   by   p rov id -  
ing a c u t o u t   i n   t h i s  area,  but i t  would  then  be  necessary t o   c o o l  
t h e   a r e a   ( o r   t o   p r o v i d e   a d d i t i o n a l   s e a l i n g   t o   b l o c k   f l o w )  because  hot 
gas  would  f low  through  the  cutout .  

0 Ske le ton- type  sea ls   w i th   the   pane ls   a t tached  f rom  above.   Th is   ske le -  
t on - t ype   o f   sea l   wou ld  be a cont inuous   s t ruc tu re   capab le  o f  accom- 
modating a l a r g e  number o f   p a n e l s   ( a   c y l i n d e r   w i t h   r e c t a n g u l a r   h o l e s  
c u t   i n t o  i t ) .  A s e r i o u s   p r o b l e m   e x i s t s   i n   t h e   f i t - u p  between t h e  
seals  and t h e   a i r c r a f t   s t r u c t u r e  and  between the   sea l  and the   a t tached  
panels.   Panels  would be i n s t a l l e d   f r o m   t h e   o u t s i d e  and b o l t e d   t o   t h e  
backup  support beams which, in   turn,   would be t i e d   t o   t h e   a i r c r a f t   o r  
engine. The concept was r e j e c t e d  because o f  t h e   v e r y   t i g h t   t o l e r a n c e s .  

Concept 3 pane l   f o r  hiqh-heat-flux/hiqh-heat-load-application.- Previous 
pane l   layouts   have d e a l t  w i t h  des ign  concepts  in   which  the  normal   pressure  load 
i s  t ransmi t ted   th rough  the   heat   exchanger   to   the   suppor t   s t ruc tu re .   F igure  39 
shows a concept  using a r e y e n e r a t i v e l y   c o o l e d   s h i n g l e   w i t h  an e s s e n t i a l l y   z e r o  
n o r m a l   p r e s s u r e   d i f f e r e n t i a l .  The c h i e f   f e a t u r e s  of t h i s  c.oncept a re  

" " 

0 Sea l ing   a round   the   sh ing les   i s   no t   requ i red ,   excep t   t ha t   ba f f l es  must 
be p rov ided   t o   m in im ize   t he   l eakage .  Such leakage  cons t i tu tes  a 
p a r a s i t i c   h e a t   l o a d  on  the  coolant  capaci ty  and imposes s t r u c t u r a l  
problems due t o   u n p r e d i c t a b l e   h e a t i n g .  

0 A l l  o f   t h e   p r e s s u r e - b e a r i n g   s t r u c t u r e s ,   i n c l u d i n g   b o t h   t h e   s a n d w i c h  
s t r u c t u r e  and  the beam backup  s t ructure,   operate  a t  a low temperature 
throughout.  Because  of  gas  bypass  leakage  and  radiat ion  and  condu- 
t i o n   e f f e c t s ,   t h e r m a l   p r o t e c t i o n   f o r   t h i s   s t r u c t u r e  w i l l  p robab ly  be 
requ i red .  A h e a t   e x c h a n g e r   p a n e l   m e t a l l u r g i c a l l y   j o i n e d   t o   t h e   l o a d -  
b e a r i n g   p a n e l   w o u l d   p r o v i d e   t h i s   p r o t e c t i o n .   W i t h   a p p r o p r i a t e  
b a f f  1 ing, t h i s   h e a t   f l u x  wou 1 d be expected t o  be a smal 1 percentage 
o f   t h e   t o t a l   h e a t   f l u x   t o   t h e   h o t   p a n e l .   B a f f l i n g   i n v o l v e s  a s t r a i g h t -  
fo rward   des ign   p rob lem  ra ther   than a ques t i on  of b a s i c   f e a s i b l i t y .  

0 The sea l ins   a round  the   pane l  edges i s  accomplished by means o f  a 
f lange  weld.   Separat ion  o f   panels   can  be  s imply   accompl ished  by 
g r i n d i n g   o f f   t h e   w e l d .  T h i s  t ype   o f   we lded   cons t ruc t i on  i s  f r e q u e n t l y  
used  on  heat  exchangers t o   p r o v i d e   s e a l i n g ,   a t t a c h m e n t ,   a l l o w a n c e   f o r  
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dimensional   to lerance  s tack-up,   and  l ight   weight .  The t o t a l  dimen- 
s i o n a l  change   i nvo l ved   f o r   ope ra t i on   o f   t he   sandw ich   s t ruc tu re   a t  
-3OOOF (89'K) will b e   a b o u t   o n e - f o u r t h   t h e   d i f f e r e n t i a l   e x p a n s i o n  
t h a t  must  be  considered i n   t h e   s h i n g l e   o r   i n  an i n teg ra ted   hea t  
exchanger -s t   ruc tu ra l   pane l  and the   sea l  s appear t o  be c a p a b l e   o f  
a b s o r b i n g   t h e   d i f f e r e n t i a l   e x p a n s i o n .  By comparison, b o l t e d   p a n e l s  
would  present   to lerance  problems  and a requ i remen t   f o r   gaske t ing  
t h a t   w o u l d   a l s o   s e r v e   t o   s h i m   t h e   p a n e l .   T h i s   c o n s t r u c t i o n   w o u l d   b e  
heav ie r   t han   we lded   cons t ruc t i on  and wou ld   have  po ten t ia l   leakage 
problems. 

0 The design  appe,lrs t o   r e q u i r e   a c c e s s   f r o m   t h e   u n d e r s i d e   f o r   i n s t a l l a -  
t i o n   o f   t h e   s t r u c t u r a l   p a n e l  and f o r   c o o l a n t   m a n i f o l d i n g ,   b u t   t h e  
heat  exchanger  panel   can  be  instal led  and removed f rom  the  gas s i d e  
o r   f ron t   s ide .   A f te r   mechan ica l   a t tachmen t   o f   t he   sh ing le ,   man i fo ld  
connec t ions   a re   requ i red   a t  one  end t o  c o m p l e t e   t h e   i n s t a l l a t i o n .  

0 The beams t h a t   a t t a c h   t h e   s h i n g l e   t o   t h e   c o l d   s t r u c t u r e   r e q u i r e  
i n s u l a t i o n .   I n   a d d i t i o n ,   i n s u l a t i o n   o f   t h e  beam  webs f o r   p r o t e c t i o n  
against   bypass  gas  f low may be requ i red .  

0 C o o l a n t   f l o w   r o u t i n g   a t   t h e   c o o l a n t   o u t l e t  end of b o t h   t h e   s t r u c t u r a l  
and the   hea t   exchanger   pane ls   appears   f eas ib le .   I n   v iew   o f   a -a   f i gu re  
39, t h e   s u p e r p o s i t i o n   o f   t h e   t w o   m a n i f o l d   t u b e s   p r e s e n t s  a more com- 
p l e x   p i c t u r e   t h a n   e x i s t s  i n  r e a l i t y .  The two  superimposed  tubes  are 
separa ted ,   and   t hey   b reak   t h rough   the   s t ruc tu ra l   pane l   a t   d i f f e ren t  
s ta t ions .   S ince   the   appropr ia te   tubes   can  be pre ins ta l led ,   assembly  
and f a b r i c a t i o n   a r e   n o t   e x p e c t e d   t o  be i m p r a c t i c a l .  

I n  summary, the  panel   concept  shown i n   f i g u r e  39 appears t o  be p r a c t i c a l .  
It has the  advantages o f  r e l a t i v e l y   s i m p l e   i n s t a l l a t i o n ,   r e l a t i v e   s i m p l i c i t y  of 
the  s t ructure  exposed  to   the  severe  hot -gas  env i ronment ,   ease of sealing,  and 
t h e   p o s s i b i l i t y  of removal of t h e   s h i n g l e   w i t h o u t   d i s a s s e m b l i n g   t h e   s t r u c t u r a l  
panel .   These  advantages  are  o f fset   by  the  coolant   penal ty   assoc iated  wi th   heat  
bypass t o   t h e   c o l d   s t r u c t u r e  and  by a d d i t i o n a l  components  which  add  complexity 
r e l a t i v e   t o   t h e   i n t e g r a l l y  bonded  panel. 
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APPENDIX  E 

STRUCTURAL ANALYSIS 

S t r u c t u r a l   a n a l y s e s   w e r e   c o n d u c t e d   t o   p r o v i d e   s a t i s f a c t o r y   p a n e l   s t r u c t u r a l  
i n t e g r i t y  and t o  develop  and  use  techniques o f  minimum-weight  design. The 
top i cs   cove red   i nc luded   op t im iza t i on   ana lyses   f o r   p ressu re   l oads ,   t he   e f fec t   o f  
temperature  on  weight,  panel i n -p l  ane thermal   s t resses ,   ho t -sur face   thermal  
f a t i  gue studies,  and  panel f 1 u t t e r   c o n s i   d e r a t i  ons. 

Op t im iza t i on   Ana lys i s   f o r   Pu re   Bend ing  

The  optimum s t ruc tura l   des ign   approach was used t o   f o r m  a b a s i s   f o r  
compari  ng  various m i  n imum-weight  structures as they  perform  under a pure  bending 
moment. Th is   approach  leads   to   the   der iva t ion   o f   fo rmulas   and  the   genera t ion  
o f   c u r v e s   i n   w h i c h  a w e i g h t   f u n c t i o n   i s   p l o t t e d   v s  a s t r u c t u r a l   i n d e x .  These 
curves show d i r e c t l y   t h e  minimum-weight  design. The r e s u l t i n g   d e r i v a t i o n s   a n d  
curves   fo r   the   rec tangu l   a r   web-core  sandwi  ch  panel, t r i  angul  ar-web-core  sandwi  ch 
panel,  I-beams,and  combined  panels and beam arrays  are  presented  be low.  

Rectanqular-web-core  sandwich  panel . -The  weight  funct ion  vs  structural  
index   curves   fo r   the   case  o f  a rectangular-web-core  sandwich  panel  under an 
app l ied   pure   bend ing  moment a re   deve loped   i n   t h i s   sec t i on .   Re la ted   exp ress ions  
f o r   t h e  optimum s t r e s s  and   op t imum  geomet r i ca l   re la t i ons   o f   t he   s t ruc tu re  vs 
s t r u c t u r a l   i n d e x   a r e  a necessary  byproduct o f  the   ana lys is .  The f o l l o w i n g  
ske tch  shows a typ ica l   sandwich   p la te   e lement   w i th   the   nomenc la tu re  f o r  t h e  
geomet r i c   re la t i ons .  

A- 2365 k 

It i s  assumed f o r   t h i s   a n a l y s i s   t h a t   t h e   s a n d w i c h   i s   a t  a uni form  temperature,  
t h a t  i t  i s  symmet r i ca l ,   and   t ha t   un i fo rm  ma te r ia l   p roper t i es   a re  used. The 
b a s i c   t e c h n i q u e   i n   t h e   d e r i v a t i o n   o f   t h e   f o r m u l a s   i s   t o   r e w r i t e  and  combine  the 
equat ions   fo r   pane l   bend ing   s t ress ,   pane l   buck l ing   s t ress ,  and  we igh t   in to  

37 



f o r m s   t h a t  w i  1 1  permi t r a p i d   e v a l u a t i o n   o f   t h e   s t r u c t u r e .  The o b j e c t i v e   i s  t o  
f i n d   t h e   s t r u c t u r a l   p a r a m e t e r s   t h a t   p r o v i d e   t h e   w e i g h t   f u n c t i o n   a n d   t h e   s t r u c -  
t u r a l   i n d e x   f o r  a sandwich  panel. It will be shown i n   t h e   f o l l o w i n g   d e r i v a t i o n  
t h a t   t h e   w e i g h t   f u n c t i o n   f o r   t h e   r e c t a n g u l a r   w e b - c o r e   s a n d w i c h   p a n e l   i s  E/m'/ ', 
where t' i s   t h e   m e t a l   a r e a   p e r   u n i t   w i d t h ,   a n d  m i s   t h e   a p p l i e d   b e n d i n g  moment 
p e r   u n i t   w i d t h .  The exp ress ion  for   for  a rectangular-web-core  panel  i s  

t' = 2 t f  + h t  /b c f  

The des i   red   s t ruc tu ra l   i ndex   f o r   sandw ich   pane ls   sub jec ted  t o  b e n d i n g   i s  m/h'. 
The e q u a t i o n   f o r   p a n e l  maximum b e n d i n g   s t r e s s   i s  

where z i s   t h e   s e c t i o n  modu lus   per   un i t   w id th .   Assuming  tha t   the   facep la te  
moments o f   i n e r t i a   a b o u t   t h e i r  own a x e s   a r e   n e g l i g i b l e   a n d   t h a t   t h e   p l a t e  
th ickness, tf, i s  much less   than  the   pane l   he igh t ,  h, t h e  moment o f   i n e r t i a  and 

sec t i on   modu lus   pe r   un i t   w id th   a re   g i ven   by   t he   exp ress ions  

I = t h 2 / 2  + t h3/f  2bf f C 

z = t f h  + t h2/6b 
C f 

S u b s t i t u t i n g   t h e   e x p r e s s i o n   f o r   s e c t i o n   m o d u l u s   i n t o   e q u a t i o n  ( 2 ) ,  t he  
rectangular-web  and  faceplate maximum bend ing   s t resses   a re  

(T = m/( t h + t h2 /6b f )  f C ( 3 )  

An app l ied   bend ing  moment can  cause l o c a l   b u c k l i n g   i n   t h e   f a c e p l a t e s  and  webs. 
The e q u a t i o n s   e x p r e s s i n g   t h e   b u c k l i n g   c r i t e r i a   a r e  

(Occ'web = K 2 E q 1 j 2 (  t c /h )  

where 1 i s   t h e   p l a s t i c i t y   r e d u c t i o n   f a c t o r  (1 = E t / E ) ,  and K, and K, a re  

cons tan ts   assoc ia ted   w i th   the   facep la te   and  rec tangu lar -web edge f i x i t y   c o n d i -  
t ions .   For   the   pure   bend ing  case, t h e   p a r t i c u l a r   g e o m e t r i c a l   p r o p o r t i o n s  
def ined  by  the  d imensions,  tf, tc, h, and  bf, that   produce  the  minimum-weight 

p a n e l   f o r  a g i ven   app l i ed   bend ing  moment can  be readi ly   determined.   That  a 
u n i q u e   s o l u t i o n   e x i s t s   i s   e s t a b l i s h e d   b y   t h e   f a c t   t h a t   t h e r e   a r e   f o u r  dimen- 
s i o n a l   v a r i a b l e s  and f o u r   c o n d i t i o n s   t o  be sa t i s f i ed - - facep la te   l oca l   compress i ve  
i n s t a b i l i t y ,   r e c t a n g u l a r - w e b   b e n d i n g   i n s t a b i l i t y ,   m a t e r i a l   a l l o w a b l e   s t r e s s ,  
and  the  minimum-weight  condit ion.  For  pure  bending,  the  optimum  design was 
o b L a i n e d   b y   e q u a t i n g   t h e   a p p l i e d   s t r e s s   t o   t h e   p l a t e  and web buck l i ng   s t resses .  
It was g e n e r a l l y  assumed t h a t  an optimum  design  had  been  achieved when t h e  



b u c k l i n g  modes o f   t h e   f a c e p l a t e s  and  rec tangu lar  webs, a c t i n g  as p l a t e s  w i t h  
s imple  edge  support ,   occurred  s imultaneously.  As discussed  below,  there  is   an 
i n t e r a c t i o n  between  faceplate  and  rectangular-web  buck l ing  that  depends on 
a1 low ing  one o f   t h e  members t o   s u p p o r t   t h e   o t h e r   i n   t h e   b u c k l  i ng  region.  This 
b u c k l i n g   i n t e r a c t i o n  was u t i l i z e d   t o   p r o v i d e   p a n e l   s h e a r   c a p a b i  li t y   f o r   t h e  
suppor t  o f  normal  pressure  forces. 

For   the   pure   bend ing   s i tua t ion ,   s imu l taneous  loca l   buck l ing   imp l ies   tha t  
equa t ions  ( 4 )  and (5)  can  be r e w r i t t e n   i n  terms o f  a t h i c k n e s s   r a t i o ,  t f/tcJ 

and a s p a c i n g   r a t i o ,   h / b f   t o   g i v e  

The e q u a t i o n   f o r  maximum bending  s t ress,   equat ion (3)  , can now be rearranged 
i n t o  a fo rm  tha t   i nvo l ves   t he   des i red   g roup ing   o f   t he   va r iab les   t o   exp ress   t he  
s t r e s s   i n   t e r m s   o f   t h e   s t r u c t u r a l   i n d e x ,   t h e   b u c k l  i ng constants  ( K ,  and K2) , 
and the   geomet r ica l   ra t ios ,  t / t  and  h/bf. The f i r s t   s t e p   i s   t h e   f o l   l o w i n g  
regroup i   ng   o f   equat i   on  (3 )  f c  

0 = (m/h2) / [ (   tc /h)  ( t f / tc  + h / b f ) ]  ( 7 )  

where m/h' i s  t h e   s t r u c t u r a l   i n d e x .  E l  i m i n a t i o n   o f  t /h   f rom  equat ions (5)  

and ( 7 )  g i v e s   t h e   d e s i r e d   e q u a t i o n   f o r  optimum s t r e s s  
C 

0 = (m/h ) ( K 2 E ) 1 / 3 7 1 / 6 / (  t f / tc  + h/bf )  2 / 3  
2 2/3 ( 8) 

f rom  which  the  opt imum  rat ios o f  t / t  and h/bf  must be determined. The next 

s tep i s  t o  exp ress   t he   we igh t   f unc t i on   i n  a fo rm  tha t  will r e l a t e  i t  t o   t h e  
s t ruc tu ra l   i ndex .   Equa t ion  ( I )  can be rewr i t t en   i n to   g roup ings   o f   d imens ion -  
l e s s   r a t i o s   s i m i l a r   t o   t h o s e   u s e d   i n   e q u a t i o n  ( 8 ) .  By e l i m i n a t i n g   t - / h   f r o m  

equat ions ( I )  and ( 7 ) ,  7 can  be  expressed as a f u n c t i o n   o f  0 ,  m, h, t / t  and 

h/  bf 

f c  

L 

f c  

- t = (E:) - ( t  f / t  c + - 2 h / b f ) / (  t / t  + a h/bf )  
I I 

f c  

By f u r t h e r   r e g r o u p i n g  

t / m ' / 2  = [ ( rn /h2 )1 /2 (  I / 0 ) ( 2 ) (  t f / tc  + 7 I h / b f ) ] / [ ( t f / t c  + a I h / b f ) ]  ( 9 )  

Th is   f o rm shows t h e   e v a l u a t i o n   o f   t h e   w e i g h t   f u n c t i o n ,  t / m ' l 2 ,  i n  terms  of  
opt imum  stress,  s t ructura l   index,   and  the  d imension less geomet r i ca l   ra t i os .  
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I f  cs i n   e q u a t i o n  ( 8 )  i s   e l i m i n a t e d   f r o m   t h e  above  express ion ,   the   fo l low ing  
e q u a t i o n   i s   o h t a i n e d   f o r   t h e   w e i g h t   f u n c t i o n  

;/mi/' = 2 ( t f / t c  + $ - d b f ) / [ ( K z E ) ' / 3 v ' / 6 (  t f / tc  4- b / b f )  ' / 3 ( m / h Z ) ' / 6 ]  

The  minimum E / m ' / '  w i  1 1  be o b t a i n e d  when t h a t   p o r t i o n   o f   e q u a t i o n  (IO) i n v o l v i n g  
the   d imens ion less   geomet r ica l   ra t ios  i s  min imized.   Th is   is   accompl ished  by 
us ing   equa t ion  (6) t o   e l i m i n a t e   h / b   f r o m   e q u a t i o n  (IO). The r e s u l t i n g   e x p r e s -  

s i o n   i s   t h e n   d i f f e r e n t i a t e d  w i  t h   respec t   t o   t he   d imens ion less   ra t i o ,  t f/tC. 

F i n a l l y   b y   s e t t i n g   t h e   r e s u l t i n g   t e r m s   e q u a l   t o   z e r o  and s o l v i n g  i t  i n   t e r m s  o f  
t f/tc, the   op t imum  th i ckness   ra t i o   i s   ob ta ined .   Th i s  was done, and the  end 

r e s u l t  showed t h a t  

f 

By i n s e r t . i n g   t h i s   v a l u e   f o r  ( t f / t  ) i n t o   e q u a t i o n  (IO), t h e   f o l l o w i n g  compact c o p t  
f o r m u l a   f o r   t h e   w e i g h t   f u n c t i o n   i n   t e r m s   o f   s t r u c t u r a l   i n d e x  i s  o b t a i n e d  

Wi th t h e  a i d   o f   e q u a t i o n s  ( 8 ) ,  ( I  I ) ,  and ( I  2), u and ; / m ' / *  may be p l o t t e d  

vs  m/h2  on a s i n g l e  curve_ f o r  any m a t e r i a l .   T h i s  has  been done i n   f i g u r e  40,  
and i t  can  be  seen t h a t  t / m ' / '  g radua l ly   d imin ishes   and u r a p i d l y   i n c r e a s e s  as 

m/h2 i s  i n c r e a s e d .   M a t e r i a l   y i e l d   s t r e s s   p r o v i d e s  an upper- limit i n   u s a b l e  
stress,   and  the minimum we igh t   occu rs   f o r   t he   s t ruc . tu ra1   i ndex   a t   wh ich  CJ i s  

equal t o   t h e   y i e l d   s t r e s s .  Once t h e   y i e l d  c u t o f f  l i m i t a t i o n   i s  reached, i t  
becomes necessa ry   t o   mod i f y  t h e  f a c e p l a t e - t o - w e b   t h i c k n e s s   r a t i o  and the   h /b f  

r a t i o   t o   p r o v i d e   s u f f i c i e n t   s e c t i o n  modulus f o r  increased  va lues of  s t r u c t u r a l  
i n d e x .   T h i s   i s   a c c o m p l i s h e d   b y   p l a c i n g   t h e   n u m e r i c a l   v a l u e   f o r   y i e l d   s t r e s s  
i n t o   e q u a t i o n  ( 8 )  and  us ing   the   cons t ra in ing   re la t ionsh ip   be tween  geomet r ica l  
p ropor t i ons   p rov ided   by   equa t ion  (6) .  It i s  then  necessary   to  compute t h e  
g e o m e t r i c a l   r a t i o s  t / t  and  h/b a t  each s p e c i f i c   v a l u e   o f  m/h2. I n   f i g u r e  40, 

cons tan t - s t ress  1 i nes   a re   p resen ted   f o r   two   cu to f f   s t resses .  An i d e a l   e l a s t i c -  
p l a s t i c   m a t e r i a l  was assumed, w h i c h   i s   a c h i e v e d   b y   s e t t i n g   t h e   p l a s t i c i t y   r e d u c -  
t i o n   f a c t o r   e q u a l   t o   u n i t y  and   by   cons ide r ing   t he   ma te r ia l   t o   have   pe r fec t l y  
l i n e a r   e l a s t i c   p r o p e r t i e s   t o   t h e   y i e l d   s t r e s s  and a u n i f o r m   s t r e s s   e q u a l   t o   t h e  
y i e l d   s L " e s s   i n   t h e   p l a s t i c   r e g i o n .  The procedure  can be e x t e n d e d   r e a d i l y   t o  
a c c o u n t   t o r   i n e l a s t i c i t y   b y   g e n e r a t i n g  a c u r v e   f o r   p l a s t i c i t y   r e d u c t i o n   f a c t o r  
vs s t r e s s   f o r   t h e   p a r t i c u l a r   m a t e r i a l   u n d e r   c o n s i d e r a t i o n .  These c a l c u l a t i o n s  
were  programmed i n   F o r t r a n  I V  f o r   t h e   i d e a l   e l a s t i c - p l a s t i c  case, and  the  curves 
shown i n   f i g u r e  40 are  based on computer  output  data.  The minimum weight  occurs 
f o r  a s t r u c t u r a l   i n d e x   s l i g h t l y   h i g h e r   t h a n   t h a t   a t   w h i c h   t h e  optimum  and y i e l d  
s t r e s s e s   i n t e r s e c t ,   b u t   t h i s   f u r t h e r   w e i g h t   r e d u c t i o n   ( l e s s   t h a n  I percen t )  was 
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cons idered  neg l ig ib le .   Consequent ly ,  minimum  weight was t a k e n   t o  be a t   t h e  
v a l u e   o f   s t r u c t u r a l   i n d e x  f o r  wh ich   the   op t imum  s t ress   equa l led   the   y ie ld  
s t ress .  The c o m p u t a t i o n   f o r  a y i e l d   c u i o f f   s t r e s s   o f  130,000 p s i  896,000 
kN/m2)  shows t h a t   t h e  minimum v a l u e   o f  t / m ' / '  i s  0.001209 i n . / l b ' / '  (1.455 X 

10 -5m/N ' /2 ) ,  and t h i s   o c c u r s   a t  a s t r u c t u r a l   i n d e x   v a l u e   o f  3367 p s i  (23,250 
kN/rn2). Curves   a re   a l so  shown o n   f i g u r e  40 f o r  t f / tc  (and  therefore,  from 
equa t ion  (6), h/bf )   vs  m/h2. 

Equat ion  (12)   can  be  modi f ied  by  e l iminat ing  m/h2 from equat ions  (8)  and 
( I  I )  t o   o b t a i n  a r e l a t i o n   o f   p a r t i c u l a r   s i g n i f i c a n c e ,  and i t  will be  used t o  
g r e a t   a d v a n t a g e   i n   s u b s e q u e n t   p o r t i o n s   o f   t h i s   a p p e n d i x .  The m i  nimum va lue  o f  
the   we igh t   f unc t i on ,  ( ? / m ' / 2 )  i s   d e f i n e d  as C which will be c a l l e d   t h e  

pane l   mer i t   parameter .   There fore ,   the   fo rmula   fo r  C i s   ( u s i n g  v = l )  m i  n'  P l  

P l  

C = 2 . 7 8 / ( K , K 2 ) ' / 8 ( E a ) ' / 4 ,   i n . / l b ' / 2 ( m / N ' / 2 )  
P l  

( 1 3 )  

T h i s   e x p r e s s i o n   i s   d e p e n d e n t   o n l y   o n   t h e   b u c k l i n g   c o e f f i c i e n t s  and m a t e r i a l  
p r o p e r t i e s .   I n   p a r t i c u l a r ,   f o r   f i x e d   b u c k l i n g   c o e f f i c i e n t s ,   v a r i o u s   p a n e l  
ma te r i  a1 s may be e v a l u a t e d   b y   c a l c u l a t i n g  C To  compare d i f f e r e n t   p a n e l  

m a t e r i a l s ,  i t  i s   o n l y   n e c e s s a r y   t o   m u l t i p l y   b y   m a t e r i a l   d e n s i t y ,  y and 
eva l   ua te  

P I '  

P I '  
Y p l C p l '  

Tr ianqular-web-core  sandwich  panel . -  The d e r i v a t i o n   f o r   t h e   t r i a n g u l a r -  
web-core   sandwich   pane l   c lose ly   fo l lows  tha t   o f   the   rec tangu lar -web  core ,  and 
t h e  same assumptions  are made. A t yp i ca l   e lemen t  i s  shown below. 

". ~ 

A-24533 

The p a n e l   s t r u c t u r a l   i n d e x  and the  weight   parameter   are  the same as f o r  
the  rectangular-web-core  panel , t/rn'I2 and m/h2, where t i s  now g i ven   by  

E = 2 t  + t /cos e 
f C 
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I n   t h e   c o n s t a n t   s t r e s s   r a n g e  

In   t hese   equa t ions  

Comparison  of   t r ianqular-web  core wi th_rectangula. r -ye.bIc .ore~ sandwich 
p a n e l s . -   I n   a i  1 case.5, the  minimum  weight  occurs -?or a s t r u c t u r a l   i n d e x   s l   i g h t l y  
h i g h e r   t h a n   t h e   s t a r t   o f   t h e   c o n s t a n t - s t r e s s  1 ines.  The fu r ther   we igh t   reduc-  
t i o n  i s  q u i t e   n e g l i g i b l e ,  and t h e   f o l l o w i n g   t a b l e  shows the  compar ison  for   the 
s t r u c t u r a l   i n d e x   p o i n t s   a t   w h i c h  0 = c u t o f f   s t r e s s .  

. - . . "" 

opt  

Pa ne 1 

web 

c o n f i g u r a t i o n  

c _I__.-__-.- 

Rectangular-  
web-core  panel 

T r i a n g u l a r -  
web-core  panel 

C u t o f f   s t r e s s  = 100,000 p s i  
(695 000 kN/M2) 

___I- 

i n . / l b ' / 2  

( m / N  'I2 ) 

0.00 I 2 8  

( I .54Xl0-5 

0.00162 

( 1 . 9 5 ~ l O - ~  

__s____ 

(m/h2 )opt, 

ps i ( kN/rn2) 

2250 

( I 5  500) 

31 15 

( 2 1  500)  

~" 

C u t o f f   s t r e s s  = 130 000 p s i  
(896 000 kN/m2 

. . .  

0.00121 

( 1 . 4 6 ~ l O - ~ )  

0.00152 

( I .83~10'~) 

ps i ( kN/rn2) 

3367 

(23  250) 

4610 

(31 750) 

It i s  seen tha t   the   t r iangu lar -web-core   sandwich   i s   approx imate ly   25-percent  
heavier-   ?ban  the  rectangular-web-core  sandwich  and  that   the  former i s  somewhat 
morr ccnip?:ct ( i . e . ,   h ighe r  m/h2).  The rectangular-web-core  sandwich was used 
f:lr a l l  the  subsequent  weight  analyses  because  of  i t s  c learcut   weight   advantage.  
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I-Beam.- B e f o r e   t h e   p o t e n t i a l   b e n e f i t s   o f   c o m b i n i n g  beam backup s t r u c t u r e  
with  panels  can  be  assessed,  optimum beam weight  must  be  determined. The 
f o l l o w i n g   a n a l y s i s  was performed to  p r o v i d e  a t o o l   s i m i l a r   t o   t h e  one developed 
f o r   t h e   p a n e l   s t r u c t u r e .  The approach  taken  for   the  panel ,   i .e. ,   the  develop- 
ment o f   a n   a p p r o p r i a t e   w e i g h t   f u n c t i o n   v s   s t r u c t u r a l   i n d e x ,   l e a d s   t o   a n   e x p r e s -  
s i o n   t h a t  can  be  used t o   e v a l u a t e   t h e   b e s t   a r r a n g e m e n t   o f  beams and  panels. The 
sketch  below shows t h e  beam cross   sec t ion   and  the   geomet r ica l   var iab les .  

A-23659 

The c ross-sec t iona l   a rea ,  moment o f   i n e r t i a ,  and sect ion  modulus  are 

A = 2 b  t + h t  
F F  W 

b F t F h 2  t h 3  
I =  + -  2 12 

Bending  stress due t o  a n   a p p l i e d  moment, M, i s  0 = M/Z.  This  can be  combined 
w i t h   t h e   e x p r e s s i o n   f o r   s e c t i o n   m o d u l u s   a n d   w r i t t e n   i n   t h e   f o r m  

The s t r u c t u r a l   i n d e x   f o r   t h e  beam i s  t h e r e f o r e  M/h3. The buck l i ng   f o rmu las   f o r  
the   f lange  and  rec tangu lar  web a r e  
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The b u c k l i n g   c o e f f i c i e n t ,  K4, f o r   t h e   f l a n g e   i s   f o r  a p l a t e   t h a t   i s   s i m p l y  
suppor ted   a long one  edge  and f r e e   a l o n g   t h e   o t h e r  edge. S u b s t i t u t i o n  o f  ( 1 4 )  
i n t o  (15 )  l e a d s   t o   t h e   f o l l o w i n g   e q u a t i o n   f o r  optimum s t r e s s   i n   t e r m s  o f  the  
s t r u c t u r a l  i ndex ,   t he   f l ange   buck l i ng   coe f f i c i en t ,   and   t he   d imens ion less  
g e o m e t r i c a l   r a t i o s   ( u s i n g  'Q = I h e r e a f t e r )  

Equat ion ( 14) may be  combined w i t h   t h e   e x p r e s s i o n   f o r   c r o s s - s e c t i o n a l   a r e a  
as   f o l l ows  

( 2  tF/t  + h/bF) b t 

( t  / t  + - h/b o I 
W F w  

F w 6 F) op t  

w h i c h   f i n a l l y   l e a d s   t o  

(&) =($)  
' I 3  ( 2  t,/t + h/bF) I 

W - 
( tF/tw + I h/b ) 'opt 

6 F 

The w e i g h t   f u n c t i o n   t h e r e f o r e  has the   fo rm ( A / M ' l 3 ) .  The we igh t   parameter   in  
terms o f   t h e   s t r u c t u r a l   i n d e x   i n   t h e   e l a s t i c   r a n g e  i s  t h e n   o b t a i n e d   b y   c l e a r i n g  
0 f rom  equat ion  ( 1 7 )  by   us ing   equat ion   (16)  

OP t 

I ( 2 t F / t  W + h/bF) I 
A / M 2 / 3  = 

( K z E )  [ tF / tw + ( 1 /6 ) (h /b , ) J ' / 3   (h /bF)2 /3   (M /h3 ) ' / 3  ( I 8 )  

I n   t h e   c o n s t a n t - s t r e s s  range,  (M/h3) i s   e l i m i n a t e d   f r o m   e q u a t i o n  ( 1 7 )  by 
us ing   equa t ion   (16 )  

E q u a t i n g   t h e   t w o   e q u a t i o n s   f o r   l o c a l   b u c k l i n g   s t r e s s   f o r   t h e   f l a n g e   a n d  
web produces 

The  minimum e l a s t i c  1 i ne   i s   ob ta ined   by   us ing   equa t ion  ( 1 8 )  w i t h   t h e  minimum 
value o f  t he   exp ress ion   i nvo l v ing   t he   geomet r i ca l   va r iab les .   Th i s   i s  accom- 
p l  i s h e d   b y   s u b s t i t u t i n g   f o r   h / b   f r o m   e q u a t i o n   ( 2 0 ) ,   d i f f e r e n t i a t i n g   t h e  F 
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e x p r e s s i o n   w i t h   r e s p e c t   t o  tF/ t  , s e t t i n g   t h i s   r e s u l t   e q u a l   t o  zero,  and 

s o l v i n g .  The maximum o c c u r s   a t  t / t  = 0, and  the  minimum  weight  appears 
F w  

t o   o c c u r  when the   f l ange   w id th   and   t h i ckness   a re   reduced   to   ze ro .   Th i s  
s o l u t i o n  does no t   have  phys ica l   s ign i f i cance,  however,  and a beam w i t h  
i n s u f f i c i e n t   f l a n g e s   w o u l d  be u n s a t i s f a c t o r y   o n   t h e   b a s i s   o f   l a t e r a l  
i n s t a b i l   i t y .   T h i s   e l a s t i c  1 i n e   f o r  A / M 2 l 3  and  the 1 i n e   f o r  IY a r e   p l o t t e d  

vs (M/h3) f o r  a n   i d e a l   e l a s t i c - p l a s t i c   m a t e r i a l   i n   f i g u r e  41. A c u t o f f  
s t r e s s   o f  130 000 p s i  (896  000 kN/m2)  occurs when M/h3 = 338 p s i  (2330 kN/m2) 
a t   w h i c h   p o i n t   t h e   w e i g h t   f u n c t i o n   m u s t   f o l l o w  a c o n s t a n t - s t r e s s   l i n e .  
Equat ions ( 1 6 )  and ( 1 9 )  are  used  and  the minimum value o f  the   geomet r ica l  
v a r i a ' b l e s   i s   o b t a i n e d   f o r   t h i s   p o r t i o n   o f   t h e   c u r v e .  A c o n s i d e r a b l e   f u r t h e r  
we igh t   reduc t i on   occu rs   be   ond   t he   cu to f f   s t ress   t rans i t i on ,   and   t he  minimum 
va1u.e o f  0.000254 i n . 4 l 3 / l b  Y / 3  (0.70 X IOm6 m 4 / 3 / N  'I3)  i s  reached when 
(M/h3) = 1350 p s i  (9310 kN/m2). I n s p e c t i o n   o f   t h e  130 000 p s i  (896  000 kN/m') 
c o n s t a n t - s t r e s s   l i n e  shows t h a t   t h e  beam w e i g h t   f u n c t i o n  i s  e x t r e m e l y   f l a t  
over  a wide  range  o f   s t ructura l   index  va lues  and  that   nonopt imum  s t ructura l  
index  values may be used w i t h   v e r y   l i t t l e   w e i g h t   i n c r e a s e .  A s  a resu l t ,   t he  
r a t i o s   o f  tF/t  and  h/bF, p a r t i c u l a r l y   t h e   l a t t e r ,  may be   ad jus ted  i f  necessary 

t o  meet  space r e s t r i c t i o n s .  

w 

o p t  

W 

The general  minimum-weight  expression  can be conven ien t l y   reduced   to   t he  
f o l l o w i n g   f o r m   u s i n g   t h e  op t imum  geomet r ic   ra t ios   in   equat ion  ( 1 9 ) .  

A / M 2 l 3  = 2.62/(KzE) ' / 6 / ~ ' / 2  

The  minimum va lue   o f   the   we igh t   func t ion ,  (A/M2/3)min,  i s   d e f i n e d  as C 

which will be c a l l e d   t h e  beam mer i t   pa ramete r .  The f o r m u l a   f o r  C i s  
bm ' 

bm 

2.62 
'brn (K,E) ' I 6  '' ' 
" - in. 4 / 3 / 1 b 2 / 3 ( ~ 4 / 3 / ~ 2 / 3 )  

The beam mer i t   parameter  i s  ana logous  to   the   pane l   mer i t   parameter   der ived  
p r e v i o u s l y   i n   t h i s   s e c t i o n .  It i s  dependent   on ly   on  the  mater ia l   proper t ies 
a n d   t h e   b u c k l i n g   c o e f f i c i e n t .   S i n c e   t h e   b u c k l i n g   c o e f f i c i e n t  i s  u n a f f e c t e d  
by   ma te r ia l   cho ice ,   eva lua t i on   o f  C f o r   v a r i o u s   m a t e r i a l s   p r o v i d e  a d i r e c t  

e s t i m a t e   o f   w e i g h t  vs  temperature. 
bm 

Combined panel   and  I -beam  opt imizat ion.-  The f o l l o w i n g   a n a l y s i s  was 
c a r r i e d   o u t   t o   d e t e r m i n e   t h e  optimum a r r a y   o f  beam and  panel   propor t ions,  
and  the  comparat ive  weight  reduct ion,  i f  any, i f  o n l y  a panel  were  used. 
T h i s   a n a l y s i s  makes use o f   t h e   p r e v i o u s   o p t i m i z a t i o n   a n a l y s e s   f o r   t h e   p a n e l  
s t ruc tu re   and  the   I -beam  ana lys is .  

The b a s i c   g r o u n d   r u l e   f o r   t h i s   a n a l y s i s   i s   t h e   a s s u m p t i o n   t h a t   c o n t i n u o u s  
edgewise  support i s   a v a i l a b l e   f o r   t h e   p a n e l s   o r   t h e  panel-beam  combination a t  
a speci f ied  d imension,  a, a p a r t   ( s e e   f i g u r e  4 2 ) .  I f  t h e   p a n e l   o n l y   i s  em- 
ployed, Case I, t h e   s t r o n g   d i r e c t i o n   o f   t h e   p a n e l  will span t h e  s dimension. 
When a combination  of  panel  and beams i s  used, Case 11, t h e  beams will be used 
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t o  span the  d imension.  The beams will be the   d imens ion  4 apar t .  The panel  
s t r o n g   d i r e c t i o n  will be u t i l i z e d   t o  span t h e  beam spac ings .   F igure  42 i l l u s -  
t ra tes  these  two  ar rangements.  A f i n a l   c o n f i g u r a t i o n  shown i n   f i g u r e  43 inves- 
t i g a t e d   t h e   p o s s i b i l i t y   o f   s p a n n i n g   t h e   d i m e n s i o n  c w i t h   a d d i t i o n a l  beams a t  
spac ing A. The p a n e l   s t r o n g   d i r e c t i o n   w o u l d   b e   p a r a l l e l   t o   t h e  2 dimension. I f  
a l l   s u p p o r t s   a r e  assumed s imple  suppor ts ,   the  panel   d imension 4 does n o t   i n f l u -  
ence   pane l   we igh t   pe r   un i t   a rea   f o r  any   o f   these  con f igura t ions .  

It has  been p r e v i o u s l y  shown t h a t   f o r  a pane l   cons t ruc t i on ,   t he   we igh t  
f u n c t i o n   p a r a m e t e r   f o r   a n   o p t i m i z e d   s t r u c t u r e  may be  expressed  as C where 

C depends  upon  panel  type  (rectangular-web-core,  tr iangular-web-core,  etc.),  

m a t e r i a l   e l a s t i c  modu lus ,   and   ma te r ia l   s t reng th   p roper t i es .   Us ing   t he   exp res -  
s i o n   f o r   b e n d i n g  moment fo r   s imp le   suppor t   cond i t ions ,   the   pane l   we igh t   per  
un i t  'a rea i s  

P I '  

P I  

S i m i l a r l y   f o r   t h e  beams 

The combined  weight  of   panel   and beam can  be  expressed  as a f u n c t i o n   o f  a panel 
a lone   as   f o l l ows  

y 1 c  1P' /2a 
( Wt/un i t a rea )  - - B t o t a  1 n" 

where 

Therefore,  i f  B i s   less   than  un i ty ,   the   pane l   and  I -beam  combina t ion   o f fe rs  a 
p o t e n t i a l   w e i g h t   r e d u c t i o n  compared to   t he   pane l   a lone .  The equation  above 
may be m i n i m i z e d   w i t h   r e s p e c t   t o   t h e   r a t i o   o f  beam s p a c i n g   t o  beam span, ( c /a ) ,  
to   de termine   the   op t imum  va lue   o f   (c /a ) .  The r e s u l t i n g   e x p r e s s i o n   g i v e s  

Thus the  minimum  panel  and beam combinat ion may be 
the  y C and y C va 1 ues.  These  terms w i  1 1  be 

bm  bm P l  P I  
beam and  panel   mer i t   parameters.  The v a l u e   o f   a p p l  

. .  

expressed  as a f u n c t i o n   o f  
denoted  hereaf ter   as  the 

ied  pressure,  p, a l s o  
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i n f l u e n c e s   t h e   w e i g h t   s a v i n g   p o t e n t i a l s .   C u r v e s   o f  B vs p f o r   s e v e r a l   v a l u e s  

o f   t h e   r a t i o   o f  beam weight  parameter t o  panel   weight   parameter   are shown i n  
f i g u r e  44. Simi la r   resu l ts   were   der ived   fo r   the   two-d imens iona l   I -beam  ar ray .  
The c u r v e s   p r e s e n t e d   i n   f i g u r e  45 i n d i c a t e   t h a t   t h e   t w o - d i m e n s i o n a l   a r r a y   i s  
1 i g h t e r   f o r   p r e s s u r e s   l e s s   t h a n  225 p s i  (1550 kN/m2), but, an e x t r e m e l y   l a r g e  
number o f  secondary beams a r e  needed.  The r e l a t i v e l y   s m a l l   s a v i n g s   i n   w e i g h t  
does n o t   p r o v i d e   s u f f i c i e n t   i n c e n t i v e   t o   w a r r a n t   t h e  added  complexity. The 
compara t i ve   we igh ts   f o r   case  I vs  case I 1  shown i n   f i g u r e  45 c o n c l u s i v e l y  show 
tha t   the   pane l   and one-way-beam support  system will be d e s i r a b l e   o v e r   t h e   e n t i r e  
p ressure   range  cons idered  in   th is   p rogram.   Th is   concept  was there fore   used 
e x c l u s i v e l y   i n   t h e   p a n e l   d e s i g n s   d e t e r m i n e d   d u r i n g   t h i s   s t u d y .  

min 

Computer  proqrams.-  Computer  programs  were w r i t t e n   d u r i n g   t h e   s t u d y   p r o g r a m  
t o   o b t a i n   p a n e l  and beam w e i g h t   c a l c u l a t i o n s  and t o   p e r f o r m   t h e   p a n e l   o p t i m i z a -  
t ion   ana lys is   fo r   bo th   rec tangu lar -web-core   and  t r iangu lar -web-core   pane ls .  The 
programs  were w r i t t e n   i n  FORTRAN I1  f o r  use  on  an I B M  7074 computer o r  FORTRAN 
I V  t o  be used w i t h   t h e  7094 o r  System 360 IBM computer  systems. 

Panel  and beam w e i g h t   c a l c u l a t i o n s :   F i g u r e  46 ( s e e   a l s o   f i g u r e  71, Appen- 
d i x  F) shows t h e   l o g i c   d i a g r a m   f o r   t h e   p a n e l  and  I-beam  design  procedure. The 
f i g u r e   a l s o  shows the   requ i red   inpu t   da ta ,   the   equat ions   used  to   per fo rm  the  
c a l c u l a t i o n ,  and the   ou tpu t   da ta .  The symbols f o r  t he   va r iab les   used  i n  t h e  
p r o g r a m   a r e   l i s t e d   i n   t a b l e  15. The i n p u t   d a t a   c o n s i s t   o f   f i v e   c a r d s ;   t w o   o f  
t h e s e   a r e   t i t l e   c a r d s ,  and the   remain ing   th ree   cards   con ta in   the   requ i red  16 
inputs .  A l i s t i n g   o f   t h e  FORTRAN I 1  source  deck i s  p r o v i d e d   i n   t a b l e  16. Sample 
computer   ou tpu t   resu l ts   a re  shown i n   t a b l e  17, and t h e   i n p u t   d a t a   p r i n t e d  on 
the   ou tpu t   sheet   p rov ide  a d e t a i l e d   r e c o r d   o f   t h e   p r o b l e m   s o l v e d .  

Rec tangu la r -web-co re   op t im iza t i on   ca l cu la t i on :  The computer  program f o r  
t h e   r e c t a n g u l a r - w e b - c o r e   s t r u c t u r a l   o p t i m i z a t i o n  was w r i t t e n   f o r   i d e a l   e l a s t i c -  
p l a s t i c   m a t e r i a l s .  A 1  1 r e s u l t s  were t a b u l a t e d  vs t h e   s t r u c t u r a l  index,  m/h2 
(XMDH2 i n   p rog ram  l anguage) ,   and   t he   ou tpu t   p r i n tou ts   p rov ide   t he   numer i ca l  
va lues f o r  o (SIGBP), t f / t c  (TFDTC), h/bf (HDBF), T / m ' / '  (TBDMR), and p ( P ) .  

The FORTRAN I V  source  deck l i s t i n g   i s   p r o v i d e d   i n   t a b l e  18 and a sample ou tpu t  
i s  shown i n   t a b l e  19. The input   da ta   cons is ts   o f   two  cards   per   p rob lem  (any  
number can be r u n   a t  one t i m e ) :   t h e  f i r s t  i s  a t i t l e  ca rd ,   requ i r i ng  " I "  I n  
column I ,  and  the  second  conta ins  the  seven  inputs ;   in i t ia l   m/h2  va lue (VMDHE), 
increments  of   m/h2 (DMDH2), K 2  ( V U ) ,  K I  (VKI), E ( E ) ,  oy ( S I G Y ) ,  and number of 
m/h2  values  (MDH2I). 

opt  

T r iangu la r -web-co re   op t im iza t i on   ca l cu la t i on :  The FORTRAN I V  source-deck 
l i s t i n g   f o r   t h e   t r i a n g u l a r - w e b - c o r e   a n a l y s i s   i s   g i v e n   i n   t a b l e  20. The inpu t  
d a t a   l i s t  i s  i d e n t i c a l   t o   t h e   i n p u t   d a t a   f o r   t h e   r e c t a n g u l a r - w e b - c o r e   p a n e l ,  
and  the  output   data i s  t h e  same e x c e p t   f o r   t h e  added v a r i a b l e ,  8 (THETA), t h e  
optimum  angle  between  the web and facep la tes .  
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O p t i m i z a t i o n   A n a l y s i s   F o r  Combined Shear  and  Bending  Loads 
and Minimum-Gage R e s t r a i n t s ;   S e l e c t i o n   o f   D e s i g n   M e t h o d  

I n   o r d e r   t o   a c h i e v e  a rninimum-panel-weight  design t o   c a r r y  a s p e c i f i c  
bending moment and   shear   l oad   assoc ia ted   w i th   app l i ed   un i fo rm  ex te rna l   p ressu re ,  
i t  i s   n e c e s s a r y   t o   i n t r o d u c e   t h e   w e b / f a c e p l a t e   f i x i t y   i n t e r a c t i o n   i n   a d d i t i o n  
t o   t h e   f o u r   g e o m e t r i c   v a r i a b l e s ,  tf, tc, h, and  bf. A s  i n d i c a t e d   i n   r e f e r e n c e  2, 

the   we igh t   o f   rnu l t iweb  sandwich   pane l   s t ruc tu res  can be r e d u c e d   f o r  a pure 
bend ing   load  i f  the   edge-suppor t   in te rac t ion   be tween  the  webs a n d   f a c e p l a t e s   i s  
u t i  1 i zed.  The w e i g h t   r e d u c t i o n   i s   a c h i e v e d   b y   a d j u s t i n g   t h e  web spacing so t h a t  
t h e   f a c e p l a t e s   p r o v i d e   p a r t i  a1 edge f i x i t y   f o r   t h e  webs. This   permi   ts   enough 
reduc t , i on   i n  web t h i c k n e s s   t o  compensate f o r   t h e   s l i g h t   i n c r e a s e   i n   f a c e p l a t e  
t h i c k n e s s   t h a t  i s  necessa ry   t o   ma in ta in   t he  same sec t i on   modu lus ;   t he   ne t   resu l t  
i s  a , s l i g h t   r e d u c t i o n   i n   p a n e l   w e i g h t .  The w e i g h t   r e d u c t i o n   i s   o b t a i n e d   a t   t h e  
expense o f  a large  decrease i n  shear  capabi 1 i t y   o f   t he   pane l .   Converse ly ,   t h i s  
i m p l i e s   t h a t  a marked  improvement i n  panel  shear  capabi 1 i t y  can be o b t a i n e d   w i t h  
ve ry  l i t t l e  w e i g h t   a d d i t i o n  by i n c r e a s i n g   t h e  web th i ckness .  Minimum-gage  con- 
s t r a i n t s   p l a y  an i m p o r t a n t   r o l e   i n   d e t e r m i n i n g   t h e   l i g h t e s t   p r a c t i c a l   p a n e l  
c o n f i g u r a t i o n   t h a t  can be cons t ruc ted .   Spec i f i c   l ower  limi t s  f o r   t o t a l   p a n e l  
depth  and  for  minimum  metal  thickness  were used, but  the  methods can  be a p p l i e d  
e q u a l l y   w e l l   t o   d i f f e r e n t   n u m e r i c a l  limi t s .   A p p l i c a t i o n   o f   t h e   w e b / f a c e p l a t e  
i n t e r a c t i o n  combined w i t h   t h e   e f f e c t   o f  minimum-gage c o n s t r a i n t s   l e a d s   t o  a 
unique  minimum-weight  design  that will s imu l taneous ly   p rov ide   t he   requ i red  
bending  and  shear  capabi l i  ty .  The procedure  invo lves  lengthy  computat ion.  
Severa l   a l te rna t ive   des ign   approaches,   inc lud ing   the  one  discussed i n  appendix F, 
can  be  used t o  g r e a t l y   r e d u c e   t h e   c o m p u t a t i o n a l   e f f o r t .  The r e s u l t i n g   d e s i g n s  
a r e  somewhat heav ie r ,   bu t   t he   d i f f e rences   i n   we igh t   a re   i nconsequen t ia l .  

Pane l   shear   capab i l i t y   fo r   normal   p ressure   loads . -  The a p p l i c a t i o n   o f  a 
un i fo rm  no rma l   p ressu re   t o  a pane l ,   g i ves   r i se   t o   bo th   shear   l oads  and bending 
moments. The r e s u l t s   g i v e n  above  were  developed  for   the  pure  bending case, 
bu t  i t  i s  a l s o   p o s s i b l e   t o   a c c o u n t   f o r   t h e   s h e a r   l o a d i n g .   T h i s  i s  accomplished 
by d e r i v i n g  a cu rve   o f   pane l   a l l owab le   p ressu re   vs   s t ruc tu ra l   i ndex .  The maxi- 
mum shear  stress, T, i n   t h e  web i s  g iven   by   the   equat ion  

This  can be re la ted ,   us ing   equa t ion  ( 9 ) ,  to   the   rec tangu lar -web-core   geomet ry  
i n   t e r m s  of t h e   s t r u c t u r a l   i n d e x  and t h e   d i r e c t   s t r e s s e s   t o   o b t a i n   t h e   f o l l o w i n g  
equat   ion 

The a p p r o p r i a t e   r a t i o ,  T/U, wi  1 1  depend  on  whether web f a i   l u r e  w i  1 1  be due t o  
y ie ld ing   o r   shear   buck1  i ng.  The c r i  t i  c a l   s h e a r   y i e l d   s t r e s s   t o   d i   r e c t   y i e l d  
s t ress   ra t io ,   based upon t h e   d i s t o r t i o n   e n e r g y  theorem, i s  
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T /U = f l / 3  = 0.577 
Y Y  

The  compari  son o f  web shear   buck l  i ng c r i   t i c a l  i t y   i s   o b t a i n e d   f r o m   t h e   r a t i o  
between  the  shear   loca l   buck l  i ng c o e f f i c i e n t ,  K 3 ,  and the  web buck l  i ng c o e f f i  - 
c i e n t ,  K,, due to  t h e  maximum app l i ed   bend ing  moment. T h i s   l e a d s   t o  a r a t i o  
r e l a t i n g  K, t o  K, 

F o r   p l a t e s  w i t h  f i x e d  edges  and a ve ry   l a rge   l eng th - to -w i   d th   ra t i o ,  K, = 8. I .  
The fi.xed-edge  assumption  appears t o  be  reasonable  because o f  t h e   l o c a l   r e i n f o r c e -  
ment t h a t  will be present  near  the  panel   edges. It i s  n e c e s s a r y   t o   a s c e r t a i n  
which.   express ion  for  T / U  i s  Val   id.   For  designs i n  wh ich   the  webs r e s t r a i n   t h e  
faceplates,  K, may be so s m a l l   t h a t   t h e   c r i t i c a l   r a t i o   o f   s h e a r   b u c k l i n g   c o e f f i -  
c i e n t   t o   d i r e c t   s t r e s s   b u c k l i n g   c o e f f i c i e n t  will e x c e e d   t h e   y i e l d   s t r e s s   r a t i o - -  
i .e., K,/K, 2 0.577. A crossover  w i  1 1  occur   such  that  

T y p i c a l   r e s u l t s   a r e  shown i n   f i g u r e  47 fo r   the   rec tangu lar -web-core   pane l  
s t r u c t u r e   f o r   s e v e r a l   b u c k l   i n g   c o n s t r a i n t s .  Maximum pressure- load  capabi  1 i t y  
decreases  as  the  va lue  o f  6 i s   i nc reased .  

Optimum panel   for   bendinq  and  shear.-  The w e b / f a c e p l a t e   f i x i t y   i n t e r a c t i o n ,  
which  determines  the web and f a c s p l a t e   b u c k l i n g   c o e f f i c i e n t s ,   i s   t h e n  used t o  
generate a farni l y   o f   c u r v e s   f o r  t / m ' / '  vs  m/h2 ( f i g u r e  4 8 )  and f o r   p r e s s u r e  
c a p a b i l i t y ,  p, vs  m/h2 ( f i g u r e  4 7 )  f o r   v a r i o u s   v a l u e s   o f  6 .  The r e q u i r e d   i n t e r -  
a c t i o n   c u r v e   b e t w e e n   t h e   b u c k l i n g   c o e f f i c i e n t s  was ob ta ined  f rom  re fe rence 2 .  
The n o t a t i o n s   u s e d   i n   r e f e r e n c e  2 d i f f e r   f r o m   t h o s e   u s e d   i n  t h i s  program;  the 
e q u i v a l e n t   n o t a t i o n  symbols   and  the  in teract ion  curve  are shown i n   f i g u r e  49. 
A s  shown i n   f i g u r e  47, the  panel  design  based  on 6 = 2.45 (s imp ly   suppor ted  
webs and f a c e p l a t e s )  will c a r r y  a p ressu re   l oad ing   up   t o  265 p s i  (1830 k N / m 2 ) .  
The optimum s t ruc tu ra l   i ndex   wou ld  be 2367 p s i  ( 2 1  210 kN/m2)  and t h e   r e l a t e d  
v a l u e   o f   t h e   w e i g h t   f u n c t i o n   w o u l d  be t / m 1 / 2  = 0.00121 i n . / l b ' l 2  (1 .46  X 

m / N ' / ' ) .  I f  the  pressure  were I14 p s i  (791 kN/m2),  a panel  design  based  upon 
6 = 3.0 would be acceptab le ,   the   op t imum  s t ruc tu ra l   index   wou ld  be reduced t o  
3084 p s i  ( 2 1  300 kN/m2),  and the   we igh t   f unc t i on   wou ld  be reduced t o  0.001 16 
i n . / l b ' / ' .  ( 1 . 3 9  x I O e 5  m / N ' i 2 ) .  A s  a f i n a l  example, a p r e s s u r e   l o a d i n g   o f  
640 p s i  (442: kN/m2)  wou ld   requ i re   t he   use   o f  6 = 2.0, t h e  optimum s t r u c t u r a l  
index  would  be 3705 p s i  (25   600  kN/m2) ,  and the   we igh t   f unc t   i on   wou ld   i nc rease  
t o  O.WI127 i n . / I b ' / '  (1 .52  x rn/N' / ' ) .  S a t i s f y i n g   t h e  combined e f f e c t s   o f  
b:. ! ' 3  and  shear  loads i n  a panel   loaded  by  normal   pressures  prov ides  the  min i -  
mum poss ib le   pane l   we igh t   f o r   t hose   des igns   i n   wh ich  minimum-gage e f f e c t s   a r e  
n o t  a f a c t o r .  
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l f f e c t   o f  minimum-qaqe.-  The  optimum  panel  metal  thicknesses  determined 
f rom  the   op t imum  s t ruc tu ra l   des ign   f o rmu la t i ons  may be  very   smal l  when t h e  
app l i ed   bend ing  moment a n d / o r   a p p l i e d   p r e s s u r e   i s   s m a l l .   I n   t h e s e  cases, t he  
p a n e l   f a c e p l a t e s   o r  webs can be l e s s   t h a n   t h e  minimum fabr icab le   s ize ,   and 
depar ture  f rom  the  min imum-weight   curve  is   necessary.   F igure 50 shows the 
panel   weight   vs   appl  i ed bending moment f o r  a t y p i c a l  case.  The d o t t e d  1 i n e  
I s  the  opt imum-panel -weight   l ine.   For  an a p p l i e d  moment e q u a l   t o  or l e s s  
than 740 i n . - l b / i n .  (3300 N - d m ) ,  the  panel   weight  must  exceed  the  opt imum 
because in   t hese   i ns tances   t he   op t imum  faceshee t   wou ld   be   l ess   t han   t he   m in i -  
mum gage c h o i c e   o f  0.010 in.   (0.0251 cm). Furthermore, when the  minimum f i n  
t h i c k n e s s   a n d   h e i g h t   r e s t r i c t i o n s  shown i n   t h e   f i g u r e   a r e  used, the minimum 
p o s s i b l e   p a n e l   w e i g h t   i s  0.90 l b / f t 2  ( 4 . 4  kg/m2). The we igh t   cu rve   cons i s t s  
o f   f o u r   p o r t i o n s   c o i n c i d i n g   w i t h   t h e  number o f   c o n s t r a i n t s  on  the  four   panel  
geomet r i c   va r iab les .  The f o u r   s u b d i v i s i o n s   o f   t h e   c u r v e  may be c a t e g o r i z e d  as 
f o l   l o w s :  

0 Constant-weight  design - A 1  1 panel   d imensions  are minimum, and 
s t r u c t u r a l   d e s i g n   c o n s i s t s   o f   f i n d i n g   t h e   p r o p e r  beam spacing  and 
des ign   de ta i  1 s. 

Var iab le -pane l -he igh t   des ign  - The on ly   va ry ing   pane l   d imens ion   i s  
he igh t - - i .e . ,   pane l  web th ickness  and  panel   facesheet   th ickness  are 
f i x e d .  

0 Modif ied  opt imum  panel   design - The panel   face  sheet  th ickness i s  
cons tan t   wh i l e   bo th   pane l   he igh t  and web th i ckness   a re   va r iab le .  
T h i s   a c t u a l l y  makes use o f   t h e  optimum  design  curves a t   s t r u c t u r a l  
index  values  above  the  t rue  opt imum  design  point ,   and a smal l   weight  
inc rease  occurs .  

0 Optimum panel   design - The minimum-weight  panel i s   o b t a i n e d  as a 
f u n c t i o n   o f   t h e   l o a d i n g   w i t h  no r e s t r i c t i o n s .  

Select   m/h2 

0 Tabulate t f / tc  and  h/bf 

0 Compute h and t 

Compute bending moment 

C 

0 0b ta ;n  p 

0 Compute t 

T h i s   c a l c u l a t i o n  was s a r r i e d   o u t ,  and t y p i c a !   r e s u l t s  were p l o t t e d   i n   f i g u r e  51. 
A c t u a l l y ,  p vs m and t vs m a r e   p l o t t e d   s e p a r a t e l y   i n   t h i s   f i g u r e ,  and l i n e s   o f  
c o n s t a n t   p r e s s u r e   c a p a b i l i t y   o f  100 and 250 p s i  (689 and 1720  kN/m2), were 



superimposed  on  the  vs m curves. With f i g u r e  51 , i t  i s   p o s s i b l e   t o   o b t a i n  
t h e  1 i g h t e s t   p a n e l   f o r  a s p e c i f i c   b e n d i n g  moment and  pressure.   S ince  the  der i  - 
v a t i o n   o f  optimum beam spacing was d e t e r m i n e d   w i t h o u t   c o n s i d e r a t i o n   o f  minimum 
gage, the  spacing  must  be somewhat a d j u s t e d   i n   t h e  minimum-gage  design  region. 
This  can be accompl i   shed  by  using  the  constant-pressure 1 ine   on   the  t vs m 
curve  and  by  scanning  and  comput ing  both beam and  panel  weight  as a f u n c t i o n  o f  
beam s p a c i n g   t o   d e t e r m i n e   t h e   l i g h t e s t   d e s i g n .  

Compa.rison o f  _c f o u r   p a n e l  and beam design  procedures.  - S t r u c t u r a l   w e i g h t s  
have  been  computed fo r   f ou r   des igns ,  some o f   w h i c h  do n o t   s a t i s f y   t h e  minimum- 
gage r e s t r i c t i o n s   o r  do not  possess  adequate  panel  shear  capabi 1 i t y .  The most 
impor tant   compar ison  is   between  the  weight   obta ined fmrn t h e  above  procedure 
and t h a t   u s e d   f o r   t h e   b a s e l i n e   c o n c e p t s   e v a l u a t i o n   a n d   t h e   t r a d e o f f   s t u d y .  A 
sample c a l c u l a t i o n  gave a combined  panel  and  I-beam  weight o f  4.315 l b / f t 2  
(21 .07  kg/m2)  compared t o  minimum  panel  and beam w e i g h t s   o f  4.284 l b / f t 2  
(20.91 kg/m2)  from  the  method jus t   descr ibed.   Th is   compar ison  shows t h a t   t h e  
s i m p l i c i t y   o f   t h e   p r o c e d u r e   u s e d   f o r   p r o g r a m   e v a l u a t i o n s   j u s t i f i e s   i t s  use  and 
t h a t   t h e   p a n e l  and beam w e i g h t   c a l c u l a t i o n s   o b t a i n e d   a r e  a r e a l   i s t i  c app ra i sa l  
o f  t h e  design  weight.  The comparison was pe r fo rmed   fo r  a 24 by 24 i n .  (0.61 by 
0.61 m) area  under a u n i f o r m   p r e s s u r e   o f  100 p s i  ( 6 8 9  kN/m*).  Panel  and beam 
m a t e r i a l   p r o p e r t i e s  and  minimum-gage r e s t r i c t i o n s   a r e  shown i n   f i g u r e  50. 

Pure   bend ing   des ign ,   s imp le   suppor t   buck l ing   coe f f i c ien ts :  The panel and 
beam combinat ion was s ized   based  on   the   op t im iza t ion   techn ique  fo r   pure   bend ing ,  
d is regard ing   pane l  minimum-gage r e s t r i c t i o n s  and  shear   capabi l i ty .  The s imple 
suppor t   buck1  ing   coe f f i c ien ts ,  K I  = 3.62 and K 2  = 21.7,  were  used. The r e s u l t i n g  
facesheet   th ickness  was 0.00763 i n .  (0 .0194 cm), less  than  the  0 .010- in .  
(0.0254-cm)  minimum gage.  The t o t a l   w e i g h t   p e r   u n i t   a r e a  was 4.276 l b / f t 2  
( 20.88 kg/m2). 

Pure  bending  des ign,   opt imum  buck l ing  coef f ic ients :  The we igh t   f unc t i on  
shown i n   e q u a t i o n  ( 1 2 )  i s   m i n i m i z e d  when t h e   p r o d u c t   o f  K ,  and K 2  i s  maximized. 
Th is   occurs  when K ,  = 3 .46  and K 2  = 33 .3 .  The weight   g iven above, f o r  t h e  pure 
bending  case  wi th  no  minimum-gage o r   s h e a r   c o n s i d e r a t i o n s ,   i s   r e d u c e d   t o  
4.224 l b / f t 2  (20 .62  kg/m2). 

Minimum possible  weight  for   combined  shear,   bending, and  minimum  gage: 
The c o m p l e t e   c p t i m i z a t i o n   t e c h n i q u e   s a t i s f y i n g   a l l   d e s i g n   c o n s t r a i n t s  was used 
in   cu rves   such  as t h o s e   i n   f i g u r e s  46,   47,  and 50. T h i s   i n v o l v e d  a d e t a i l e d  
computa t ion   o f   pane l  and beam weight  vs beam s p a c i n g   i n c l u d i n g   c r o s s - p l o t t e d  
curves   fo r   vs  m w i t h  a constant-pressure  capabi  1 i t y   ( f i g u r e  50). The r e s u l t i n g  
minimum poss ib le   panel   and beam weight  was 4.284 l b / f t 2  (20.91 kg/m2). 

Program  procedure  for  combined  shear,  bending,  and  minimum  gages: The 
procedure   used  fo r   the   base l ine   concept   eva lua t ion   and  t radeof f   s tudy   (see  
f i g u r e s  46 and 7 1 )  c o n s i s t e d   b a s i c a l l y   o f  ( I )  computing  the  weight  parameter 
fo r   t he   pane l   us ing   s imp le   suppor t   buck l i ng   cond i t i ons ,  ( 2 )  determining  opt imum 
beam spacing  for   pure  bending,  ( 3 )  ca lcu la t i ng   pane l   d imens ions   i nc lud ing   m in i -  
mun-1-gage r e s t r i c t i o n s ,  ( 4 )  check ing   pane l   shear   capab i l i t y  and inc reas ing   t he  
web th i ckness  if necessary,  and ( 5 )  computing beam dimensions  and  to ta l   panel  
and beam weight .  The bas ic   depar ture  f rom  the  opt imum  des ign  technique was the  
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method o f   s a t i s f y i n g   s h e a r   c a p a b i l i t y .  The panel  and beam w e i g h t   p e r   u n i t   a r e a  
fo r   the   case  cons idered was 4.315 l b / f t 2  (21.07 kg/m2). 

E f f e c t  o f  Metal  Temperature  on  Weight 

The  optimum s t r u c t u r a l   d e s i g n   d e r i v a t i o n s   o u t l i n e d  above p r o v i d e  a 
c o n v e n i e n t   t o o l   f o r   d e t e r m i n i n g   t h e   r e l a t i v e   m e r i   t s   o f  any  panel o r  beam 
m a t e r i a l s   w i t h   r e s p e c t   t o   t e m p e r a t u r e .  It i s   p o s s i b l e   t o   e x p r e s s   t h e   w e i g h t  
p a r a m e t e r   o f   t h e   s t r u c t u r e   a t   t h e   m i n i m u m - w e i g h t   p o i n t  as a f u n c t i o n   o f   m a t e r i a l  
p r o p e r t i e s .  By i n c l u d i n g   m a t e r i  a1 densi ty ,  a d i   rec t   compar i son   t o   any   o the r  
m a t e r i a l  i s  p o s s i b l e .  The minimum-weight  combination o f  panel  and beams vs 
remperature may then be determined.  The  analysis o f   m a t e r i a l   m e r i t s   i s  one o f  
t h e   i m p c j r t a n t   b e n e f i t s   o f   t h e   s t r u c t u r a l   o p t i m i z a t i o n   t e c h n i q u e .  

"" Panel  wei qh t   eva lua t i on .  - To eva lua te   t he   mer i   t s   o f   va r ious   pane l  
mater ia ls   vs   temperature,   the  product  of mater ia l   densi ty ,  y and  s t ruc-  

tura l   index,?/ml /2 ,   must  be expressed as a f u n c t i o n  o f  m a t e r i a l   p r o p e r t i e s  
a t  t h e   p o i n t   o f  minimum  panel  weight. The product,  yD1 ( t / m ' l 2 ) ,  i s   c a l   l e d   t h e  

P I '  

[ lane)  weight  parameter,  and  from  equation (13) f o r  K I  = 3.62 and K 2  = 21 

Y p l C p l   p l  
= y ( F / r n ' / ' )  = I .625 y /(Eo) 

P l  

F igu re  5 2  shows y C vs   temperature  for   severa l   candidate  panel   mater i  
P I  P l  

7, 

a1 s. 

7 he a i  l owab le   s t ress   used   i n   t h i s   exp ress ion  was t h e   l e s s e r   o f   t h e   m a t e r i a l  
y i c l t l   s t r e n g t h  o r  the   100-hr   rup ture   s t rength  as de termined  f rom  p roper ty   da ta  
i n  re ferences 3 th rough  9. The form  of   the  panel   weight   parameter  shows t h a t  
it; value i s  d i r e c t l y   p r o p o r t i o n a l   t o   d e n s i t y  and i n v e r s e l y   p r o p o r t i o n a l   t o  a 
frar.:ional  power o f  b o t h   e l a s t i c  modulus  and y i e l d   s t r e n g t h .   F o r   t h i s   r e a s o n ,  
t i e  1 i g h t  a l   l o y s  show to  great   advantage  a t   low  temperatures.  The supera l   loys  
a r e  c l e a r l y   p r e f e r a b l e   a t   t e m p e r a t u r e s  above IOOO'F (811'K). The curves show 
rrlat f o r  temperatures  above I 200'F (922'K) t h e r e   i s  a ve ry   marked   i nc rease   i n  
supera l l oy   pane l   we igh t   co r respond ing   t o   t he   t rans i t i on   f rom  y ie ld -s t reng th -  
1 imi l e d  t o   c reep -s t reng th -1  imi ted  des igns.  

. .  

"- Peam w e i y h t   e v a l u a t i o n . -  The s i m i l a r   e x p r e s s i o n   u s e d   t o   e v a l u a t e   c a n d i d a t e  
f ! f a m  m a t e r i a l s   f r o m   e q u a t i o n  ( 2 1 )  i s  g iven  by 

bmC  bm = I .565 y b m / E ' / 6 ~  Y 

The betin) we igh t   parameter   i s   p lo t ted   as  a f u n c t i o n   o f   t e m p e r a t u r e   f o r   s e v e r a l  
m a t e r i a l s   i n   f i g u r e  53. The c u r v e s   c l e a r l y  show tha t   t he   l owes t   va lues  o f  beam 
weight  parameter  would be ob ta ined  by u s i n g   t h e   t i t a n i u m   a l l o y   a t   t e m p e r a t u r e s  
below 3OO0F (422'K).  Over  the  temperature  range  from 400' t o  800'F (478' t o  
700°K), t he   marag ing   s tee l   a l l oy  shows to   bes t   advantage.  Above 9OO0F (756'K), 
h igh -n i cke l   supera l   l oys   a re   p re fe rab le .  The c u r v e s   i n d i c a t e   t h a t  i t  would 
be  advantageous t o  employ  cooled beam s t r u c t u r e s  i f  t i t a n i u m   o r  aluminum 
beams a re   used   and   t ha t   ve ry   l i t t l e   me ta l   we igh t   reduc t i on   can   be   ob ta ined   by  
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o p e r a t i n g   s u p e r a l l o y  beams a t  IOO'F (311'K) i n s t e a d   o f  I IOO'F (867'K). T h i s  
f i g u r e   a l s o  shows t h e   t y p i c a l   i n c r e a s e   i n   s u p e r a l l o y  beam weight  due t o   t h e  
t r a n s i t i o n   t o   c r e e p - s t r e n g t h - 1  imi ted   des igns   f o r   ma te r i  a1 temperatures  above 
I 200'F (922'K). 

Combined beam and  panel  weiqht. - F igu re  54 shows the  parameter ( y  C ) 
P I  P l  

(y C )'/' vs t empera tu re   f o r  a m i  nimum-wei ght  panel   and  mini  mum-wei gh t  beams 

a t   t h a t  same temperature.  This  parameter  measures  the  combined  minimum  weight 
o f   t h e   p a n e l   a n d  beams f o r   v a r y i n g   t e m p e r a t u r e s   a t  a constant   pressure.  The 
parameter was de r i ved   f rom  the   equa t ions   o f   t o ta l   comb ined  beam and  panel  weight 
(equat ions  (22)  and (23)). 

bm  bm 

The r e s u l t i n g   c u r v e   f o r  minimum  combined  panel and beam weight  can be c l o s e l y  
approximated by a s t ra igh t   l i ne   f rom  the   t empera tu re   range   -360 '   t o  IIOO'F 
(56' t o  867'K). The p o t e n t i a l   t o t a l   w e i g h t   s a v i n g s   w o u l d  be 38 percent  
f o r  a r e d u c t i o n   o f   p a n e l  and beam temperature  f rom 1100' t o  70'F (867' t o  
294'K). It should be n o t e d   t h a t   t h e   c u r v e s   o f   f i g u r e  54 a r e   i n t e n d e d   t o   i n d i -  
c a t e  minimum poss ib le   we igh t  and t h a t  some o f   t h e   m a t e r i a l s  shown would be 
r e s t r i c t e d   i n   t h e i r  use  due t o   f a b r i c a t i o n   c o n s i d e r a t i o n s   o r ,   i n   t h e   c a s e   o f  
t i tan ium,   hydrogen  embr i t t lement .  These t y p e   o f   c o n s i d e r a t i o n s   a r e   d i s c u s s e d  
i n  Appendix G. F i g u r e  54 a l s o  shows the   va lue   o f   the   parameter  ( y  C /y C ) 

f o r  minimum-weight  combined beams and panels  v s  temperature.   This  parameter,  
which was d i s c u s s e d   e a r l i e r   i n   t h i s   s e c t i o n ,   i n d i c a t e s   t h e   m e r i t s   o f   u s i n g  a 
panel  and beams r e l a t i v e   t o   t h e   m e r i t s   o f   u s i n g  a panel   a lone. A peak  va lue  o f  
0 . 2 5   i n .   ' l 3 / l b   ' / 6 ( 0 . 0 6 m ' / 3 / N ' / 6 )   i s   r e a c h e d   a t  300'F (422'K),  and f r o m   f i g u r e  
44, i t  can be n o t e d   t h a t ,   f o r   p r e s s u r e s   o f  370 psi   (2550  kN/m2)  or   greater,   the 
panel  by i t s e l f   w o u l d  be  more e f f i c i e n t   f r o m  a we igh t   s tandpo in t  compared t o  
t h e  beam and  panel  combination.  Since  the  panel  and beam s t r u c t u r e s   a r e  
designed t o  a s a f e t   f a c t o r  o f  1.5 on l o a d   c a p a b i l i t y ,  an a p p l i e d   p r e s s u r e   o f  
250 ps i   (1720 kN/mz r w o u l d   r e q u i r e   t h a t   t h e   s t r u c t u r e s   b e   s i z e d   t o   c a r r y  an 
e q u i v a l e n t   p r e s s u r e   o f  375 ps i   (2590  kN/m2).   S i tuat ions may a r i se ,   t he re fo re ,  
where  the  opt imized  panel   and beam combina t ion   wou ld   theore t ica l l y   we igh t  as 
much o r   s l i g h t l y  more than  the   equ iva len t   pane l .  Even i n   t h e s e  cases, t h e  
v e r s a t i l i t y   i n   d e s i g n   p r o v i d e d  by u s i n g  beams and  panels makes t h i s   d e s i g n  
approach  more  desirable.  

bm  bm p l   p l  

Pane 1 I n -  P1  ane Therma 1 Stresses 

Thermal s t i r . s s e s   i n   t h e   p l a n e  of the   pane l   resu l t ing   f rom  var ious   tempera-  
t u r e   p r o f i l e s  and n o n l i n e a r i t i e s   i n   m a t e r i a l   p r o p e r t i e s  have  been  considered. 
The main  reason f o r   d e t e r m i n i n g   t h e s e   s t r e s s e s   i s   t h a t   i n   p r i m e   s t r u c t u r e  
panels,   the  combined  thermal  and  pressure- load  stresses  must  not   exceed  the 
a l l o w a b l e   m a t e r i a l   s t r e s s .  The pane l   we igh t   cou ld   g rea t l y   i nc rease  due t o  
h igh   thermal   s t resses   because  the   app l ied   p ressure   load   tha t   the   pane l   can  
ca r ry   wou ld  be ser ious ly   reduced.  The the rma l   s t ress   ana lys i s  was performed 
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by a compu te r   p rog ram  tha t   so l ves   t he   p rob lem  fo r   two -d imens iona l   p la te   s t ruc -  
t u r e s .  The computed  stresses  are  based on the  assumpt ion  that   the  panel   edges 
a re   no t   cons t ra ined   f rom  i n -p lane   t he rma l   expans ion .   P re l im ina ry   ca l cu la t i ons  
showed tha t   edgew ise   cons t ra in t   wou ld   l ead   t o   excess i ve   t he rma l   s t resses   t ha t  
must be avoided.  Therefore,   assuming  no  edge  restraint ,   the  coolant flow 
routing method i s  assumed t o  be the   p r imary   cause of t e m p e r a t u r e   d i s t r i b u t i o n s  
wh ich   l ead   t o   t he rma l   s t resses .  

T h r e e   d i f f e r e n t   f l o w   r o u t i n g  schemes (see  Flow  Routing  Arrangements, 
appendix A)  w h i c h   r e s u l t   i n   t h e   t e m p e r a t u r e   d i s t r i b u t i o n s   a l o n g   t h e   p a n e l  
l e n g t h  shown i n   f i g u r e  55 were  considered. I n   a d d i t i o n ,   t h e r m a l   s t r e s s e s  due 
t o  t w o   t y p e s   o f   f l o w   n o n l i n e a r i t i e s ,  shown i n   f i g u r e  56, were   inves t iga ted .  
The n o n l i n e a r   t e m p e r a t u r e   r i s e   ( f i g u r e   5 6 a )  may resu l t   f r om  nonun i fo rm  hea t ing  
a l o n g   t h e   p a n e l   a n d   t h e   m a l d i s t r i b u t i o n   n o r m a l   t o   t h e   f l o w   d i r e c t i o n   ( f i g u r e  
5 6 b ) . m a y   r e s u l t   f r o m   n o n u n i f o r m   h e a t i n g   o r   v a r i a t i o n s   i n   c o o l a n t   f l o w   r a t e  
ac ross   t he   w id th  of the   pane l .  

The r e s u l t s   o f   t h e   a n a l y s i s ,   d i s c u s s e d   i n   t h e   s u b s e c t i o n s   w h i c h   f o l l o w ,  
i n d i c a t e d   t h a t   t h e   o n l y   a c c e p t a b l e   c o o l a n t   r o l r t i n g  scheme i s  one in  wh ich   the  
c o o l a n t   e n t e r s   a t  one  end  and e x i t s   a t   t h e   o t h e r   t o   g i v e  a l i n e a r   o r   n e a r l y  
l i n e a r   p r o f i l e  as shown i n   f i g u r e  55a. The s t r e s s e s   f o r   t h i s   c a s e   w e r e   l e s s  
than 5000 p s i  ( 3 4  500  kN/m2) maximum f o r  any   pane l   aspec t   ra t   i o   ( l eng th /w id th  
r a t i o ) ,  whereas f o r   t h e   r a n g e   o f   a s p e c t   r a t i o s   c o n s i d e r e d   r e a s o n a b l e   f o r   t h i s  
program, the   sawtoo th   and   t r i angu la r   t empera tu re   p ro f i l es   p roduce   s t resses  
w e l l   i n   e x c e s s   o f  10000 p s i   ( 6 8  900 kN/m2) .   W i th   t he   se lec t i on   o f   t he   l i nea r  
tempe i ' a tu re   p ro f i l e ,   t he   magn i tude   o f   t he   t he rma l   s t resses  was small  enough t o  
be ignored i n  the  subsequent  design  of  minimum-weight  panel  structures. How- 
eve r ,   t he   ana lys i s   o f   s t resses  due t o   n o n l i n e a r i t i e s   i n d i c a t e d   t h a t   s e v e r e  
v a r i a t i o n s   f r o m   t h e   l i n e a r   p r o f i l e  must  be a v o i d e d   t o   i n s u r e   t h a t   t h e  above 
a s s u m p t i o n   i s   v a l i d .  

Stresseh due t o   a x i a l  temp.erature p r o f i l e s . -  The ax ia l   t empera tu re   p ro -  
f i l e s  i n   f i g u r e  55 a re  

"- "" "" 

e L inear   t empera tu re   r i se   f rom one  end t o   t h e   o t h e r   ( s t r a i g h t - t h r o u g h  
s ing le -pass   coo lan t   f l ow)  

0 Tr iangu lar   tempera ture   p ro f i le ,   wh ich   wou ld   occur  i f  coolant  were 
m a n i f o l d e d   i n t o   b o t h  ends o f   t h e   p a n e l  and  then  taken  out   a t   the 
m idd le  

0 Sawtooth  prof i le ,   which  would  occur  i f  f l ow   l eng th   were   one -ha l f   t he  
pane l   leng th  and i f  ho t   and  co ld   man i fo lds   were   p laced  nex t   to   each 
o t ,he r   a t   t he   m idd le   o f   t he   pane l  

For  the p r e l  imirlary  comparison of t h e   t h r e e   p r o f i l e s ,   t h e   m e t a l   t e m p e r a t u r e  
d i f f e r e n t i a l  wa*; t a k e n   t o  be from -60'R (222'K) a t   t h e   c o l d  end r i s i n g   t o  
I 14Ook (P.89'K) a t   t h e  nlaxirntin, te lnpera ture   po in t .  The panel  was t a k e n   t o  be 
40 i n .   (1 .03  m) wide  by  60  in.  (1.52 m) long, w i t h   t h e   c o o l a n t   f l o w   i n   t h e  
long  d i rec t ion .   Tempera ture  was assumed t o  be u n i f o r m   a c r o s s   t h e   w i d t h  dimen- 
s i o n   o f   t h e   p a n e l .  
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The  thermal  stresses for the  panel with the  linear  temperature  profile 
were  very  low,  those  for  the  triangular  profile  were  much  higher  (although 
possibly  acceptable),  and  those  for  the  sawtooth  prohibitively hiqh. For 
the  latter  profile  the  maximum  stresses  were in excess  of 100 000 psi (689 000 
kN/m2). Since  thermal  stresses  of  this  magnitude  would  seriously  reduce  the 
applied  loads  that  the  prime  structure  could  support,  the  sawtooth  profile 
was not considered  further. 

Effect  of  panel  aspect  ratio  on  in-plane  thermal  stresses.-  Thermal 
stresses  were  computed for the  triangular  temperature  profile  and  linear  tem- 
perature  profiles  as  a  function  of  panel  aspect  ratio.  The  range  of  aspect 
ratios  studied  was 0.5 s &/w s 5.0. Nine  different  cases  were  solved  for  the 
triangular  profile,  and  a  summary  of  the  results is shown in figure 57. The 
figure  also  shows  the  panel  layout  and  temperature  distribution. The results 
indicate  maximum  thermal  stresses in excess  of 40 000 psi (286 000 kN/m2)  for 
all  values  of &/w < 4.0 (w/& > 0.25). 

The  three  cases  that  were  computed  for  the  linear  profile  are  summarized 
in figure 58.  The  results  indicate  that  the  maximum  stress  for  any  aspect 
ratio is 4500 psi (31 000 kN/m2).  Comparison  of  these  stresses  with  the  results 
for a triangular  temperature  profile  shows  that  the  linear  profile is defi- 
nitely  preferable.  Panel  stresses  are  much  lower,  and no restriction is placed 
on  panel  aspect  ratio.  Figure 59 shows  the  panel  layout  for  one  of  the  cases 
analyzed.  The  nodal point array,  temperature  distribution,  and  stress  dis- 
tribut ion are  shown. 

The  temperature  profile in figure 58 shows  a  constant  temperature  portion 
at  the  extreme  temperatures  which  contributed  to  the  maximum  thermal  stresses 
in the  linear  profile.  This  constant  temperature  region  was a necessary  input 
since  the  computer  program  assigned  the  same  temperature  to  the  boundary  as 
that  of  the  adjacent  node  point.  In  actual  operation a  similar  constant tern- 
perature  may  result  at  the  panel  ends  due to  the  header  bars  enclosing  the  heat 
exchanger,  although  the  exact  magnitude  may  differ  from  the  cases  analyzed.  It 
is expected  that  the  results  shown in figure 58 represent a fairly  severe  case 
for  the  linear  profile  and  the  stresses  shown  would  be  conservative. A similar 
situation  holds  for  the  triangular  profile in figure 57 (the  dotted  line  shows 
the  desired  profile),  however, the  maximum  thermal  stresses  do not occur  at 
the  end  boundary  regions in this  case.  The  constant  temperature  region  lowers 
the  maximum  stress  slightly by the  resulting  reductions in total  panel AT. 

Nonlinear  temperature  profiles.-  Analyses  were  performed  to  determine  the 
effects  of  the  lengthwise  and  widthwise  temperature  nonuniformities  shown in 
figure 56 on  the  thermal  stresses  for  panels with 1 inear  temperature  profiles. 
The  results  indicated  that a  2OO0F ( I  1 IOK) nonuniformity wcjuld increase  the 
maximum  stress  to  about IO 000 psi (69 000 kN/m2),  more  than  two  times  the  stress 
for  a  comparable  panel  without  the  nonuniformity.  It is therefore  apparent 
list large  temperature  nonuniformities  would  significantly  reduce  the  load 
carrying  capacity  of  the  prime  panel  and  must  be  avoided. 
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For  the  purposes  of  the  present  study it was  assumed  that  the  temperature 
nonuniformities  were  small  enough  that  the  resulting  thermal  stresses  could 
be  neglected.  This  assumption  was  consistent  with  the  uniform  or  nearly 
uniform  heating  and  the  uniform  coolant  flow  conditions  postulated for the 
study.  In  cases  where  larger  temperature  nonuniformities  exist,  the  design 
procedures  presented  herein  would  have  to  be  adjusted  to  account  for  the 
resulting  thermal  stresses. 

Two-dimensional  thermal  stress  derivation.-  Two-dimensional  problems of 
elasticity  are  solved  by  determining  the  stress  function, a, which  satisfies 
the bi harmoni c equation  for  interior  points wi th given  forces or  absence  of 
forces  at  the  boundaries. The  stress-strain  relationships  are 

e = ( I/E)(ox -vu ) + CYT 

e = ( ! / E ) (  oY -vux) + CUT G = E/2( I + v >  

X Y yxY XY 
= T /G 

(24) 

Y 

To solve  this  problem, it is  necessary to know  the  temperature  distribution 
(i.e.,  the  thermal  expansion)  throughout  the  structure  from a given  reference 
temperature, (cYT) - (aT) ref. The stress  distribution  within  the  structure 
must  then  satisfy  the  conditions  of  equi 1 i bri um and deformation  compatibi 1 i t y  
throughout. The equi 1 ibri um  equations  are 

where X and Y are  body  forces.  From  the  expressions  for  deformations,  the 
compati bi 1 i ty  condi tion is 

The stress  function is  defined  such  that 

V2(ux + u ) = - ( I  + u )  div F - v2(EaT)/( I - v)  
- 

Y 
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S u b s t i t u t i n g  i n  t h e   s t r e s s   f u n c t i o n  @ from  (27) 

v4@ = - ( I  + V )  d i v  F - v*(EaT)/( I - V )  
For cons tan t   f o rces ,   d i v  = 0, and t h i s   r e d u c e s   t o  

v4q$ = - v2( MI/( I - ( 28) 

The s o l u t i o n   i s   b e s t   o b t a i n e d   b y   f i n i t e   d i f f e r e n c e  methods.  For 0 = [I/( I - v)] 
(EuT), equat ion  (28)  may be w r i t t e n  as 

V4@ = - v20 ( 29) 

The f i n i t e   d i f f e r e n c e   f o r m   u s i n g  a g r i d  spacing, h, l e a d s   t o   t h e   f o l l o w i n g  
d i   f f e r e n t i  a1 opera to rs  

r I 1 
2 -8 2 

= l /h4 11 -8 20 -8 I J , v2] = l /h2  
2 -8 2 

I 
OP 

I 
I -4 I 

I 

The g r i d   a r r a y   n o t a t i o n   i s  shown below. 

For   f ree edges, the  boundary  va lues  are 

( d b  = 0, (a$/ahlb = 0 
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For   each  node  po in t   equat ion  (30) may be  used t o   e x p r e s s   t h e   s t r e s s   f u n c t i o n  
a t  - i i n  t e r m s   o f   t h e   s t r e s s   f u n c t i o n   v a l u e s   a t   t h e   n e i g h b o r i n g   p o i n t s  as f o l l o w s  

+ (@n + 0 + or + s,>l = - v 2 q  
P 

No te   t ha t   equa t ion   (29 )   co r responds   t o  a normal l y  l o a d e d   p l a t e  w i  t h  f i x e d  edges 
f rom  the   f o l l ow ing   obse rved   ana logy  

The s o l u t i o n   o f   a n y   s p e c i f i c   t h e r m a l   d i s t r i b u t i o n   i s   o b t a i n e d   b y   w r i t i n g  
an equa t ion  as g i ven   by  (31) f o r  each  node  po int ,   which  g ives  the  s t ress  func-  
t i o n  Gi a t   each   node   po in t  i n  terms o f   t h e   n e i g h b o r i n g   t w e l v e  node po in ts .  

Then, by   app ly ing   the   boundary   cond i t ions  and w r i t i n g  a system o f  as many 1 i near 
equat ions  as t h e r e   a r e  node p o i n t s ,   t h e   s t r e s s   f u n c t i o n  ai a t  each  node p o i n t  

can  be d i   r e c t l y  computed. S t resses  may then  be  determined  at   each node p o i n t  
f rom  equat ion  (27) b y   c o n v e r t i n g   t h e s e   e x p r e s s i o n s   i n t o   f i n i t e   d i f f e r e n c e   f o r m s  
as f o l  lows 

Hot-Surface  Thermal  Fat igue  Studies 

When i n t e g r a l   m e t a l l u r i g i c a l   b o n d i n g   i s   u s e d   f o r   a t t a c h m e n t   o f   t h e   h e a t  
exchanger t o   t h e   p r i m e - l o a d - c a r r y i n g   s t r u c t u r e ,   t h e   t h e r m a l   e x p a n s i o n   d i f f e r e n -  
t i a l  between  the  heated  heat  exchanger  p late and t h e   p r i m e   s t r u c t u r e  will be 
a l m o s t   e n t i r e l y  accommodated by  compress ive ly   loading  the  heated  p la te.  I n  
add i t ion ,   compress ive   load ing   i s   p roduced  on   the   heated   sheet   by   the   bend ing  
a c t i o n   o f   t h e   p r i m e   s t r u c t u r e   u n d e r   n o r m a l   p r e s s u r e .  The heat  exchanger  surface 
will be f o r c e d   t o   d e f o r m   i n t o   t h e  same contour  as t h e   p r i m e   s t r u c t u r e .  The 
compress i ve   s t ra ins   i nduced   i n   t he   hea ted   hea t   exchanger   shee t   (and   t o  a l e s s e r  
e x t e n t   t h e   f i n s )   a r e  o f  s u c h   m a g n i t u d e   t h a t   f a t i g u e   l i f e   c a l u c l a t i o n s   f o r   t h e  
heat  exchanger  must  be  performed t o   d e t e r m i n e  i f  s u f f i c i e n t   o p e r a t i n g   l i f e  i s  
a t t a i n e d .  To avo id   excess ive   thermal   fa t igue  ca lcu la t ions ,   the   approach  taken 
i n   t h e   h e a t  t.,:changer des ign  was t o   e s t a b l i s h  a maximum a l lowab le   tempera ture  
d i f f e r e n t i a l  between  the hot f a c e   p l a t e   a n d   t h e   p r i m e   s t r u c t u r e   t h a t   w o u l d  
p e r m i t   t h e   f a t i g u e   l i f e   o f   t h e   s t r u c t u r e ,   u s i n g   t h e  more a t t r a c t i v e   c a n d i d a t e  
m a t e r i a l s ,   t o  meet o r  e x c e e d   t h e   r e q u i r e d   c y c l e   l i f e   w i t h  a s u i t a b l e   m a r g i n   o f  
s a f e t y .  Based  on t h e   a n a l y s i s   p r e s e n t e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s  a maximum 
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a 1   l o w a b l e   t e m p e r a t u r e   d i f f e r e n t i a l   o f  400'R was es tab l   i shed.   Th is   tempera ture  
p e r m i t s   t h e   a t t a i n m e n t   o f  a c y c l e   l i f e   o f  300 c y c l e s   f o r   t h e   m a t e r i a l s  of  
i n t e r e s t   w i t h  a f a c t o r   o f   s a f e t y   o f  I O  or   g rea te r .   Th i s   f ac to r   appears   rea -  
sonable i n  v i e w   o f   t h e   u n c e r t a i n t i e s   i n v o l v e d   w i t h   t h e   p r e d i c t i o n   o f   f a t i g u e  
l i f e  for  f a b r i c a t e d   p a r t s .  

The a n a l y s i s  was based  on   the   accumula ted   p las t i c   s t ra in   approach fo r  
e s t i m a t i n g   f a t i g u e  l i f e .  The  number o f  c y c l e s  t o  f a i l u r e ,  N, i s  determined 
from t h e   e m p i r i c a l  r e l a t i o n   d i s c u s s e d   i n   r e f e r e n c e s  I O  and I I  

N = ( C/cp j2  

where c = t h e   p l a s t i c   s t r a i n  
P 

C = a d u c t i l i t y   c o n s t a n t  

The constant, C, was de te rm ined   f rom  the   re la t i on   d i scussed   i n   re fe rence  12 
which r e l a t e s   t h e   f r a c t u r e   d u c t i l i t y ,  cf, t o  C by   t he   equa t ion  

C = 0.8 G 3 / 4  
f 

where c f  i s  r e l a t e d   t o   t h e   r e d u c t   i o n   i n   a r e a ,   p e r c e n t  RA, o f  a s t a n d a r d   u l t i -  

mate t e n s i l e   t e s t   b y   t h e   e q u a t i o n  

e f  = - t n  ( 100 -$RA)/  100 

A d i f f i c u l t y   l i e s   i n   d e t e r m i n i n g   t h e   i n f l u e n c e   o f   c r e e p  on c y c l e s   t o  
f a i l u r e .  An upper  bound  on t h e   e f f e c t  of c reep   on   p las t i c - s t ress   range  can  be 
ob ta ined  by assuming  tha t   the   ho ld   t ime  a t   e leva ted   tempera ture  i s  s u f f i c i e n t l y  
l o n g   t o   a l l o w   t o t a l   r e l a x a t i o n   o f   t h e   s t r e s s .   T h i s  will i n c r e a s e   t h e   s t r a i n  
range  per  cycle,  and i t wil 1 reduce  the number o f   c y c l e s   t o   f a i l u r e .   T h i s  i s  
shown i n   f i g u r e  60 f o r  an  i d e a l   e l a s t i c - p l a s t i c   m a t e r i a l .  

Each c y c l e   w i t h   c r e e p  was t r e a t e d  as  two  ha l f -cyc les,   one  wi th  a p l a s t i c  
range o f  ( e  ) and t h e   o t h e r   h a l f - c y c l e   w i t h  a p l a s t i c  range o f  ( e  ) . The 

combined e f f e c t  was handled  by  use o f   t h e   f o l l o w i n g   e q u a t i o n  
P 1 - 2  P 4 - 5  

N =  2c2  
( E  + ( 4 '  P)  1 - 2  B 4 - 5  

For   t he   pu rpose   o f   t he   ana lys i s  i t  was assumed t h a t   a l l   o f   t h e   t h e r m a l  
s t r a i n  dge t o   t h e   d i f f e r e n t i a l   e l o n g a t i o n s  be tween  the   ho t   face   p la te  and t h e  
p r ime   s t ruc tu re ,  and  an a d d i t i o n a l   m e c h a n i c a l   s t r a i n   o f  0.00593 i n . / i n .  (cm/cm) 
c;.::re abscrbed  by   the   ho t   face   p la te .  The l a t t e r   s t r a i n   i s  used t o  accoun t   f o r  
t h e   e f f e c t   o f   b o w i n g   o f   t h e   s t r u c t u r a l   p a n e l   u n d e r   t h e   e x t e r n a l   l o a d  and cor -  
responds t o  110 p e r c e n t   o f   t h e   s t r a i n   f o r   I n c o n e l  718 a t   i t s   y e i l d   p o i n t .  It 
i s   a l s o  assumed t h a t   b u c k l i n g   o f   t h e   o u t e r   s h e e t  does not   occur  and t h a t   t h e  
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sheet i s  u n i f o r m l y   s t r a i n e d ,   i . e . ,   t h e r e   a r e   n o   d i s c o n t i n u i t i e s   i n   g e o m e t r y  
l e a d i n g   t o   s t r a i n   c o n c e n t r a t i o n s .   S t r e s s e s   o n   t h e   o u t e r   s h e e t  due t o  d i f f e r -  
ences  between in te rna l   hyd rogen   p ressu re  and e x t e r n a l   a i r   l o a d   w e r e   n o t  con- 
s ide red   because   t hey   a re   compara t i ve l y   neg l i g ib le .  

Curves   o f   cyc les   t o   f a i l u re   vs   t empera tu re   a re  shown i n   f i g u r e   6 1   f o r   s i x  
p o s s i b l e   m a t e r i a l s   w i t h  an Incone l  718 p r i m e   s t r u c t u r e   a t  1140°F (889OK). From 
the   f . igure  i t  can be  seen t h a t   t h e   d e s i r e d  300 c y c l e   l i f e   w i t h  a f a c t o r  o f  
s a f e t y   o f  10 o r   g r e a t e r  can be e x p e c t e d   w i t h  Waspaloy, H a s t e l l o y  X, H a s t e l l o y  
C, and  Inconel   625 i f  t h e   t e m p e r a t u r e   d i f f e r e n t i a l   i s   l i m i t e d   t o  4OO0F (220'K). 
The s u p e r i o r   p e r f o r m a n c e   o f   t h e s e   m a t e r i a l s   i s   p r i m a r i l y  due t o   t h e   s u p e r i o r  
h i g h - t e m p e r a t u r e   d u c t i l i t y   p r o p e r t i e s   o f   t h e s e   m a t e r i a l s   a t   e l e v a t e d  tempera- 
tures,   as shown i n   f i g u r e   6 2 .   M a t e r i a l   p r o p e r t y   d a t a  used t o   g e n e r a t e   f i g u r e s  
61 through  63  were  obta ined  f rom  re ferences 13 th rough  19. O f  t h e   m a t e r i a l s ,  
Inconel  625  appears t o  be p r e f e r a b l e  because  of i t s   s u p e r i o r   c y c l e   l i f e   e x p e c t -  
ancy .  It should be emphasized t h a t   t h e   r e d u c t i o n -   i n - a r e a   d a t a   a v a i l a b l e  a t  
the  present   t ime,   for   the  temperature  ranges  des i red,   are  incomplete.   In   par-  
t i c u l a r ,  i t  was necessary t o  u s e  e l o n g a t i o n   d a t a   f o r   H a s t e l l o y  X and Incone l  625 
in   the   absence  o f   reduc t   ion-   in -a rea   da ta .   There fore ,   f igure  61 should be 
i n t e r p r e t e d  as a q u a l i t a t i v e   i n d i c a t i o n   o f   t h e   r e l a t i v e   m e r i t s   o f   t h e   s i x  
m a t e r i a l s .   F i g u r e   6 3  shows t h e   f a t i g u e   s t r e n g t h   o f  a Waspaloy  heat  exchanger 
sheet ar; a f u n c t i o n   o f   t h e   I n c o n e l  718 p r ime   s t ruc tu re   t empera tu re .  The curves 
show ( I )  t he   e f fec ts   o f   t empera tu re   d i f f e rence   be tween   the   hea t   exchanger  
m a t e r i a l  and t h e   p r i m e   s t r u c t u r e  on f a t i g u e  1 i f e  and ( 2 )  t h e   d e c r e a s e   i n   f a t i g u e  
l i f e   o f   t h e   h e a t   e x c h a n g e r   w i t h   i n c r e a s e d   t e m p e r a t u r e   d i f f e r e n c e .  

Pane l   F lu t te r   Cons ide ra t i ons  

Dur ing   hyperson ic   c ru i se   veh ic le   ope ra t i ons ,   a i r f l ow   o r   combus t ion   gas   f l ow  
O ~ J C I .  t h e   p a n e l   s u r f a c e   c a n   c a u s e   f l u t t e r   i n s t a b i l i t y .  The design  approach  taken 
i n  c o n s i d e r i n g   s u c h   f l u t t e r   i n s t a b i l i t y  was, i n   g e n e r a l ,   t o   c o m p l e t e   t h e   e n t i r e  
pane l   des ign   by   the   p rocedures   ou t l ined   in   append ix  F and  then  check f l u t t e r  
st . rscept ib i1 i t  u t i 1   i z i n g   t h e   r e s u l t s   o f  a f l u t t e r   a n a l y s i s  o f  o r t h o t r o p i c   p a n e l s  
( re fe l .ence 20 r . Where f l u t t e r   s e n s i t i v i t y   o c c u r r e d ,   t h e   d e s i g n s  were  not  modi- 
f i e d   s i n c e  i t  was de termined  tha t   overa l l   pane l   we igh ts ,  and  hence the   we igh t  
comparisons i n   t h i s  study,  were n o t   s i g n i f i c a n t l y   a f f e c t e d  when s t a b i l i t y  was 
ach i eved. 

S i n c e   p r e l i m i n a r y   a n a l y s i s  had ind ica ted   tha t   low-pressure   load   des igns  
m igh t  be s u s c e p t i b l e   t o   f l u t t e r ,   s e v e r a l   p a n e l  and beam a r rays   were   i nves t i ga ted  
t o  determine i f  a p r e f e r r e d  beam o r i e n t a t i o n   r e l a t i v e   t o  gas f l o w   e x i s t e d .  The 
p r e l i m i n a r y   r e s u l t s   d i d   n o t   i n d i c a t e   t h a t  a p a r t i c u l a r  beam o r i e n t a t i o n   w o u l d  be 
advantageous. The se lec ted   o r i en ta t   i on   ( see   append ix  D, Problem  Area I d e n t i f  i- 
c a t i o n )  was t o  assume t h a t  gas f l o w  was p a r a 1   l e 1   t o   c o o l a n t   f l o w  and  perpendi- 
c u l a r   t o   t h e  beams ( s e e   f i g u r e  3 f o r  example). 

The concept   eva lua t ion  and t radeo f f   s tudy   resu l t s   were   checked   fo r   bo th  
g e n e r a l   f l u t t e r   i n s t a b i l i t y   ( e n t i r e   s t r u c t u r e   i n   m o t i o n )  and l o c a l   f l u t t e r  
i n s t a b i l i t y   ( p a n e l   s e c t i o n s   b e t w e e n  beams in   mo t ion ) .   Pane ls   were   cons ide red   t o  
be i n s e n s i t i v e   t o   f l u t t e r  when t h e   c r i t i c a l  dynamic   p ressure   parameter   ( re fe r -  
ence  20)  exceeded  the  calculated  dynamic  pressure  parameter by a f a c t o r  o f  1.5 
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f o r  an  assumed minimum  gas f l o w   v e l o c i t y  of Mach 1.5 a t  a dynamic   p ressure   o f  
2000  psf  (96  kN/m2). The survey showed t h a t   t h e   p a n e l   d e s i g n s   ( t a b l e s  6 th rough  
8 and 12 th rough  14) w e r e   n o t   s u s c e p t i b l e   t o   l o c a l   f l u t t e r  and concepts 2 and 
3 w e r e   n o t   s e n s i t i v e   t o   g e n e r a l   f l u t t e r .  Some o f   t he   l ow   p ressu re   l oad   des igns  
fo r   concep t  I were s e n s i t i v e   t o   g e n e r a l   f l u t t e r ,  however,  as  discussed  below, 
t h e   w e i g h t s   a r e   n o t   a p p r e c i a b l y   a f f e c t e d  when f l u t t e r   s t r e n g t h  i s  s a t i s f i e d .  

The survey showed t h a t   f o r  2-by 2 - f t  (0.61-by 0.61-m) pane ls ,   e igh t   o f   t he  
concept I t r a d e o f f   s t u d y   d e s i g n s   ( t a b l e  12) were s e n s i t i v e   t o   g e n e r a l   f l u t t e r ,  
seven fo r   t he   6 .95   ps i   (48  kN/m2) des ign   p ressure   load   and one f o r  20 p s i  
(138 kN/m2) pressure.   These  des igns  were  suscept ib le   for   panel   he ights   less 
than  about  0.075  in.  (0.191 cm). For 2- by  5- f t   (0.61-  by 1.52-m) concept I 
panels., a l l   o f   t h e  6.95 p s i   ( 4 8  kN/m2) des igns   ( t ab les  6 and 12) and  one 50 
p s i   ( 3 4 5  kN/m2) p ressu re   l oad   case   ( t ab le  12) were f l u t t e r   s e n s i t i v e .  The 
r e q u i r e d   p a n e l   h e i g h t s   t o   p r e v e n t   f l u t t e r   f o r   t h e s e   l o n g e r   f l o w   l e n g t h s  was 
about 0. 165 in.   (0.419 cm) f o r  6 .95  ps i   (48 kN/rrr2) and 0. 145 in.  (0.368 cm) 
f o r  50 p s i   ( 3 4 5  kN/m2). 

The above   re fe rence   t o   requ i red  minimum panel   he ights   is   based  on  increased 
pane l   he igh t   be ing   the  most e f f i c i e n t  method o f   s t reng then ing   t he   pane l   a r ray .  
S ince   the   we igh t   o f   the   pane l ,  beams, and c l i p s   i s  a weak f u n c t i o n   o f   c o n c e p t  I 
pane l   he igh t   (see   f igure   66) ,   nomina l   we igh t   inc reases  will resu l t   f r om  choos ing  
non-opt imum beam and  panel  combinat  ions. For example, the  20R-0.025-0.003 
(7.9R-0.064-0.0076)  desi n f o r  a 2- by 2 - f t  (0.61- by  0.61-m) p a n e l   w i t h  
50 B tu /sec - f t2   (568  kN/m 4 ), 1600OF (889'K)  and  6.95 p s i   ( 4 8  k N / m 2 )  i n   t a b l e  12 
would  have  less  than a th ree   percent   inc rease i f  the  20R-0.075-0.003  (7.9R- 
0.191-0.0076) f i n  were  required. However, increased  panel   he ights  way n o t  
always be acceptable due to   t he   assoc ia ted   i nc . reases   i n  maximum pane l   sur face  
temperature.  In cases  where maximum temperature I imi ta t   ions  occur ,   severa l  
a d d i t i o n a l   o p t i o n s   a r e   a v a i l a b l e   t o   t h e   d e s i g n e r   s u c h   a s   d e c r e a s i n g   c o o l a n t  
f l o w   l c n g t h   ( t h e   c r i t i c a l  dynarn;c pressure  pararneter  increases),  use o f  o f f s e t  
r a t h e r   t h a n   p l a i n   f i n s   ( c r o s s - s e c t i o n  AT decreases) o r  changing to   t he   concep t  
2 design.  Weight  increases  would  occur  in any case And the  proposed  choice 
fo r  improved f l u t t e r  performanc-e  would  depend on 5 de ta i l ed   compar i son   o f   t he  
var   ious  opt   ions.  
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APPENDIX. F 

D E S I G N  PROCEDURES AND SAMPLE  CALCULATIONS 

Deta i led  des ign  procedures  were  developed f o r  the   ma jo r  components i n  a 
panel. The p rocedure   f o r   l ow   l oad ing ,   bo th   ex te rna l   p ressu re  and hea t   f l ux ,  
was s i g n i f i c a n t l y   d i f f e r e n t   f r o m   t h a t   f o r   t h e   h i g h e r   l o a d s .  

Concept I Panel,  Clips,  and Beams 

The des ign  o f  the   pane l   s t ruc tu res   in   the   low-pressure- load,   low-heat -  
f l u x   r e g i o n   i s   p r i m a r i l y   c o n c e r n e d   w i t h  a single-layer  sandwich  panel  on  I-beam 
suppor ts .   Combin ing   the   heat   exchanger   and  load-car ry ing   func t ions   in to  a 
s i n g l e - l a y e r   s a n d w i c h   p a n e l   l e a d s   t o   s i g n i f i c a n t l y   d i f f e r e n t   d e s i g n   c o n s i d e r a -  
t i o n s   f r o m   t h e   h i g h - p r e s s u r e ,   h i g h - f l u x   d e s i g n  case.  The impor tant   cons idera-  
t i o n s   a r i s i n g   a r e :  

Pane l   ma te r ia l   p roper t i es   used  for no rma l   p ressu re   des ign   a re   h igh l y  
dependent   on  heat   t ransfer   des ign,   pr imar i ly   because  the  h igher   sheet  
t e m p e r a t u r e   i s   s t r o n g l y   a f f e c t e d   b y   f i n   h e i g h t ,   f i n   t h i c k n e s s ,   f i n  
spac ing,   and  appl ied  heat   f lux .  

e The panel   sheets and f i n s  must  be  designed t o   w i t h s t a n d   b o t h   c o o l a n t  
i n t e r n a l   p r e s s u r e   s t r e s s e s  and  normal  pressure  shear and bending 
s t resses  . 

e The panel will b e   h e l d   f l a t   b y   t h e  beams, and  tempera ture   d i f fe rences  
between  the  upper  and  lower  sandwich  sheets will produce  thermal com- 
p r e s s i v e   s t r e s s e s   i n   t h e   t o p   s h e e t   a n d   t e n s i l e   s t r e s s e s   i n   t h e   l o w e r  
sheet .   Th is  will l o a d   t h e   p a n e l   s t r u c t u r e   i n   e x a c t l y   t h e  same  way as 
the   app l ied   p ressure   bend ing   loads .  

The f i r s t  s tep   in   the   des ign   approach i s  a h e a t   t r a n s f e r   a n a l y s i s  on 
panel f i n  geometry. The h e a t   t r a n s f e r   a n a . l y t i c a 1   r e s u l t s   a r e   t h e n  used t o  , 

e s t a b l i s h  beam spacing, beam dimensions,  and  attachment c l i p   w e i g h t .   T h i s  
l e a d s   t o   t h e   i d e n t i f i c a t i o n  of t h e   s p e c i f i c   d e s i g n   w i t h   t h e   l i g h t e s t   c o m b i n e d  
we igh t  o f  the  panel ,  beams, and  a t tachment   c l ips.  The ma te r ia l   se lec t i ons   were  
a Waspaloy  panel  and  Inconel 718 beams and  a t tachment   c l ips .  The  Waspaloy 
sandwich  panel   must   be  des igned  to   prov ide  for  ( a )  the   con ta inment   o f   the  
hyd rogen   coo lan t   and   (b )   t he   concu r ren t   app l i ca t i on   o f   bend ing  and shear  loads 
due t o  normal  pressure.  The fol lowing  assumptions  were  used: 

0 Panels  and beams are   s imp ly   suppor ted  

e In -p lane  thermal   s t ress   in   the   sandwich   pane l  due t o   i n - p l a n e   t h e r m a l  
g r a d i e n t s  i s  n e g l i g i b l y  s m a l l  

D e s i g n   s a f e t y   f a c t o r  i s  1.5 on  app l ied   load  
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0 Minimum  gage l i m i t a t i o n s   a r e  not' v i o l a t e d  

0 Tempera ture   d i f fe rence  across  beams i s   z e r o  

I -beam  des ign   tempera ture   i s   the   coo lan t   ou t le t   tempera ture .  An 
excep t ion   occu rs  f o r  c o o l a n t   o u t l e t   t e m p e r a t u r e s   h i g h e r   t h a n  1600'R 
(889'K), where  the beam n e a r e s t   t o   t h e   h o t   e n d   i s   d e s i g n e d  fo r  c o o l a n t  
ou t l e t   t empera tu re ,  and t h e   o t h e r  beams are   des igned  based  on   mater ia l  
p r o p e r t i e s   a t  l6OO'R (889'K). 

The panel  span  between beams i s  checked f o r  f l u t t e r   s e n s i t i v i t y  

The panel  and beam a r r a y   i s   n o t   f l u t t e r   s e n s i t i v e  

A t y p i c a l   s q u a r e - c o r n e r e d   p l a t e - f i n   c o n s t r u c t i o n   u s e d   i n   t h i s   s t u d y   i s  
shown below. 

The e q u a t i o n   f o r   e f f e c t i v e   m e t a l   t h i c k n e s s  i s  

I n   a d d i t i o n ,   t h e   s e c t i o n   m o d u l u s   p r o p e r t i e s  must  be  computed t o   c a l c u l a t e   t h e  
r e q u i r e d  beam spacings.   Referr ing  to   the  above  sketch  showing  the  square-  
c o r n e r e d   p l a t e - f  i n geometry, t h e   s t r u c t u r a l   h e i g h t  i s  de f ined as 

F o r   p l a i n   f i n s ,   f u l l   c r e d i t  i s  t a k e n   f o r   t h e   s t r e n g t h   c o n t r i b u t i o n   o f   t h e   f i n s .  
The c ross -sec t i ona l  amount of  i n e r t i a   p e r   u n i t   w i d t h  i s  
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The s e c t i o n   m o d u l u s   p e r   u n i t   w i d t h   i s  

z = - -  I - t f h  + 7 I tfin(hfin - tfi,r)(hfin 
h/ 2 

F o r   o f f s e t   f i n s ,   t h e   f i n   m a t e r i a l   i s  assumed to   ca r ry   t he   shear   l oads   f rom 
normal  pressure,  but due t o   t h e   d i s c o n t i n u i t y   i n   t h e   f i n  geometry   in t roduced 
by  the  o f fsets ,   the  assumpt ion i s  made t h a t   t h e   f i n   m a t e r i a l  does n o t   c o n t r i b u t e  
t o   b e n d i n g   s t r e n g t h .  The s e c t i o n  modulus  then becomes s imp ly  

Z =  t h f 

Heat t rans fe r   ana lys& . -  The heat   t rans fer   ana lys is   employs   the   p rocedures  
d e s c r i b e d   i n   r e f e r e n c e  I .  A t y p i c a l   s e t  of curves o f  f i n  AT  vs f i n   h e i g h t  i s  
shown i n   f i g u r e  6 4 .  The sum o f   c o o l a n t   o u t l e t   t e m p e r a t u r e  and f i n  AT p rov ides  
t h e  maximum ho t -su r face   me ta l   t empera tu re   f o r   ob ta in ing   t he   a l l owab le   s t resses  
and pane l   t he rma l   s t resses .   I n   t he   des ign   p rocedure ,   s im i l a r   cu rves   were  - 

o b t a i n e d   f o r   f i n   s p a c i n g s  up t o  40 f i n s / i n .  (15 .8  f ins/cm).   Coolant  pressure 
drop was no t  a c r i t i c a l  p rob lem.   To ta l   p ressure   d rop   fo r   the   man i fo lds   and 
p a n e l   f l o w   l e n g t h  was found  no t   to   exceed 50 p s i  ( 3 4 5  kN/m2),  and f i n   c o n t a i n -  
ment f o r   a l l  concept I designs was based  on  an i n t e r n a l   p r e s s u r e   o f  300 p s i  
(2070 kN/m2). 

S t r u c t u r a l   a n a l y s i s   f o r   c o o l a n t   p r e s s u r e   c o n t a i n m e n t . -  It was determined 
t h a t   s t r e s s e s  due to   coo lan t   p ressu res   were   no t  an impor tant   des ign  cons idera-  
t i o n   i n   t h e   l o w - f l u x   c o n c e p t  I panels .  For h igher   heat   f luxes ,   these  s t resses  
may v e r y   w e l l  become c r i t i c a l ,   i n   w h i c h  case  the  problem  can  usual ly  be 
r e s o l v e d   b y   i n c r e a s i n g   t h e   f i n   m e t a l   t h i c k n e s s   o r   d e c r e a s i n g   t h e   f i n   s p a c i n g .  
Therefore,   the  low- load,   low- f lux  des ign  procedure  does  not   formal ly   inc lude 
coolant   conta inment   des ign,   a l though  adequate  s t rength was v e r i f i e d .  The a l l ow-  
a b l e   f i n   s t r e s s   f o r   p r e s s u r e   c o n t a i n m e n t ,  a s   i n d i c a t e d   i n   o t h e r   s e c t i o n s   o f   t h i s  
repo r t ,  i s  de te rm ined   f rom  the   l ower   va lue   o f   t he   y ie ld   s t ress   o r   t he   rup tu re  
s t r e s s   f o r   t h e  100-hr   requi red  l i fe ,   where a s a f e t y   f a c t o r   o f  1.5 i s  used t o  
o b t a i n   t h e   a l l o w a b l e   s t r e s s ,   A p p l i c a b l e  Waspaloy m a t e r i a l   p r o p e r t i e s   a r e  shown 
i n   f i g u r e  65 .  The f i n   t e n s i l e   c a p a b i l   i t y  was then  computed  from  the  formula 

The 0 . 5  c o e f f i c i e n t   i n   t h i s   f o r m u l a   i s  a t y p i c a l   r a t i o   o f  a c t u a l   s t r e n g t h  t o  
t h e o r e t i c a l   s t r e n g t h  based  on t e s t   r e s u l t s   o f   t y p i c a l   f i n  c o n f i g u r a t i o n s .  
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The f i n   s p a c i n g  and maximum face  sheet   temperature  data  are  used  to  
es tab l i sh   requ i red   f ace   shee t   t h i ckness .   I n   a l l   des igns ,   0 .010 - in .   (0 .0254-cm)  
min imum  gauge  facesheets  were  sat is factory .   The  facesheet   bending  s t ress  is  
g iven   by   the   fo rmula  

0 = 0.5  p(b - t f in)2/ t f2 f i n  (34) 

Pressure  containment  bending  stresses  are so  low tha t   they   were  assumed n o t   t o  
s u b t r a c t   f r o m   t h e   b e n d i n g   c a p a b i l i t y   o f   t h e   s a n d w i c h   p a n e l .  

 structural^ ana lys i . s fo r   ex te rna l   p ressu re   l oads . -  The r e q u i r e d  beam spacing 
f o r  e a c h   p a n e l   c o n f i g u r a t i o n   i s   d e t e r m i n e d   s o l e l y   f r o m   t h e   h e a t   t r a n s f e r   a n a l y -  
s i s  and  panel   bending  s t rength  for   normal   pressures.   Therefore,  beam spacing, 
C a1 1 '  i s  de termined  f rom  the   equat ion  

C = ( 8 0 , ~  z/p) 'I2 
a1 1 

where z i s   t h e   s e c t i o n  modu lus   pe r   un i t   w id th   o f   t he   pane l .  The  thermal  stress 
due t o   t e m p e r a t u r e   d i f f e r e n c e   a c r o s s   t h e   f i n   h e i g h t  will induce  thermal  stresses 
i n   t h e  sandwich  panel   equal   to E 0: AT/2 ( I  - w). Ac tua l l y   t he   t he rma l   s t resses  
vary  because  the  panel  i s  h e l d   f l a t  by t h e   r e s t r a i n t  a t  t h e   d i s c r e t e  beam p o i n t s  
ra the r   t han   by  a pure  bending moment. The a l l o w a b l e   d e s i g n   s t r e s s   f o r   b e n d i n g  
loads was taken  f rom  the  more c o n s e r v a t i v e  o f  

CT 
a1 1 

" - loy - E a AT/2( I - /1.5 

o r  

0 
a1 1 

ZCT 

100 h r   s t r e s s   r u p t u r e  /1.5 

The above s t r e s s   c r i t e r i o n   i s  based  upon the   assumpt ion   tha t   the   thermal   s t ress  
will be r a p i d l y   a l l e v i a t e d  i f  creep  occurs,   and  thus  thermal  stress  ef fects will 
n o t   m a t e r i a l l y   a l t e r   t h e   c r e e p - r u p t u r e   l i f e   o f   t h e   p a n e l .  A f u r the r   assumpt ion  
i m p l i e d   h e r e   i s   t h a t   l o w - c y c l e - f a t i g u e   f a i l u r e   i s   n o t  a c r i t i c a l   d e s i g n   f a c t o r  
because   t he   y ie ld   s t ress  will not  be  exceeded. 

Minimum  combined  weiqht.- The a l l o w a b l e  beam spac ing   f o r  a g iven  panel  
geometry i s  used t o   c a l c u l a t e  beam and  attachment c l i p   we igh t   ( see   be low)  and 
hence t h e  combined  weight o f   t h e   t h r e e  components. F i g u r e  66 shows c u r v e s   o f  
t h e  panel, beam, and a t t a c h m e n t   c l i p   w e i g h t s   i n   a d d i t i o n   t o  a summation o f   t h e s e  
w e i g h t s   p l o t t e d   a g a i n s t   f i n   h e i g h t .  The f i n   h e i g h t   t h a t   p r o d u c e s   t h e  minimum 
t o t a l   w e i g h t  can  then b e  selected.  It can  be r e a d i l y   o b s e r v e d   t h a t   t h e   a t t a c h -  
ment  weight i s   no t   sma l l ,  and t h a t  i t  has a s i g n i f i c a n t   e f f e c t   o n   t h e  minimum 
weIc.0: p.:;sints. It can  be f u r t h e r   n o t e d   t h a t   t h e  curve. f o r   t o t a l   w e i g h t  sum vs 
fii; h e i g h t  shows a r e l a t i v e l y   s m a l l   w e i g h t  change  over   the   en t i re   range o f  f i n  
h ~ i g h t s .   A l t h o u g h   t h e  minimum w e i g h t   p o i n t  i s  n o t   s h a r p l y   d e f i n e d   i n   t h i s  
f i g u r e ,   t h e   e r r o r   i n   t h e   e s t i m a t e  o f  minimum weight  will be  small. 
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The c a l c u l a t i o n   o f   t o t a l   p a n e l   w e i g h t   r e q u i r e s   t h e   a d d i t i o n   o f   b r a z e - a l l o y  
weight .  It has  been e s t a b l i s h e d   t h a t  a typ ica l   s ing le - layered-sandwich   con-  
s t r u c t i o n  will r e q u i r e   a p p r o x i m a t e l y  0.089 l b / f t 2  (0.438 kg/m2) o f   b r a z e   a l l o y .  
Th is   we igh t  was added d i r e c t l y   t o   t h e   p a n e l   w e i g h t   f o r   f a c e   p l a t e s  and f i n s .  

The a n a l y s i s  f o r  minimum w e i g h t   i n v o l v e s   t h e   i n v e s t i g a t i o n   o f  a l a r g e  
number o f   f i n   h e i g h t ,   t h i c k n e s s ,  and  spacing  combinat ions.  The e s t i m a t e   o f  
beam w e i g h t   c a n   b e   g r e a t l y   f a c i l i t a t e d   f o r   a l l   o f   t h e s e   d i f f e r e n t  cases  once 
t h e  beam we igh t   a t   one   spac ing   i s  known. Beam w e i g h t   i s   p r o p o r t i o n a l   t o   s p a c i n g  
r a i s e d   t o   t h e   o n e - t h i r d  power,  and t h i s   p e r m i t s   u s e   o f   t h e   r e l a t i o n  

Beam  we i g h t  = Weight r e f .  beam 

A d d i t i o n a l   d a t a   i n   t a b l e  21 show t h a t   t h e r e   i s   v i r t u a l l y  no d i f f e r e n c e   i n  
combined  we igh t   be tween  des igns   tha t   use   o f fse t   f ins  and  des igns   tha t   use   p la in  
f i n s   o f   t h e  same spac ing   and   he igh t .   S ince   p la in   f i ns   o f fe red  a s l i g h t   w e i g h t  
advantage  and  lower   fabr ica t ion   cos ts ,   they   were   se lec ted   as   the   p r imary   f in  
c o n f i g u r a t i o n   f o r   c o n c e p t  I pane ls .   Th is   cho ice  was  made t o   r e d u c e   t h e  computa- 
t i o n   e f f o r t   f o r   t h e   t r a d e o f f   a n a l y s i s   ( a l l   c o n c e p t  I p a n e l s   i n   t h e   t r a d e o f f  
s t u d y   u s e   p l a i n   f i n s ) ,  and i t  should  not   be  construed as a hard   and  fas t   se lec-  
t i o n .   D e t a i l e d   i n v e s t i g a t i o n   w o u l d   b e  needed t o   e s t a b l i s h   t h e  optimum  choice 
between p l a i n  and o f f s e t   f i n s   a t   o t h e r   h e a t   f l u x e s .  The o f f s e t   f i n s   m i g h t  be 
s u p e r i o r   f o r   m o d e r a t e l y   h i g h e r   h e a t   . f l u x e s   o r   f o r   h i g h e r   c o o l a n t   o u t l e t   t e m p e r -  
a t u r e s  due t o   t h e i r   l o w e r   c r o s s   s e c t i o n  AT, and t h i s   c o u l d   e x t e n d   t h e   r a n g e   o f  
a p p l i c a b i l i t y   o f   t h e   c o n c e p t  I pane ls .   S ince   t he   f i n   we igh ts   a re   ve ry   s im i l a r ,  
the  panel   weights   used  for   concept  I d e s i g n s   a r e   r e a l i s t i c  even i f  t h e   f i n  
p r e f e r e n c e   e v e n t u a l l y  changes. 

Concepts 2 and 3 P r i m e   S t r u c t u r a l  Panel  and Beanis 

I n  concepts 2 and 3, t h e   p a n e l s   c o n s i s t   o f  a composi te  two- layered- 
sandw ich   cons t ruc t i on   i n   wh ich  a h e a t   t r a n s f e r   s u r f a c e  i s  m e t a l l u r g i c a l l y  
j o i n e d   t o  a s t r u c t u r a l  web-core,  mult iweb  panel. I n   t h e   h i g h - p r e s s u r e - l o a d  
r e g i o n ,   t h e   s t r u c t u r a l   w e i g h t   o f   t h e   p r i m e   p a n e l s  and t h e  I-beams i s   h i g h l y  
dependent on the  metal   temperature.  A s  a r e s u l t ,  i t  i s  advantageous t o   s e p a r a t e  
the   hea t   exchanger   and   s t ruc tu ra l   f unc t i ons  so t h a t   t h e   p r e s s u r e - c a r r y i n g   s t r u c -  
t u r e   i s   n o t   p e n a l i z e d  by the   necessa r i l y   h ighe r   me ta l   t empera tu res   i n   t he   hea t  
exchanger .   The  des ign   p rocedure   ca l l s   fo r   the   p r ime  s t ruc tu ra l   pane l   and  I -beam 
d e s i g n s   t o  be per fo rmed  independent ly   o f   the   heat   exchanger   des ign .   In te rac t ion  
due to  the  at tached  heat  exchanger  desiyn,   such as i n -p lane   s t resses   due   t o   t he  
heat   exchanger   tempera ture   d is t r ibu t ion  and  heat  exchanger  f lu id-containment 
p ressure   s t resses ,   a re   smal l  enough t o  b e   i g n o r e d   i n   t h e   c a l c u l a t i o n ;   t h i s   i s  
t r u e  even  though  one o f   t he   p r ime   pane l   f ace   shee ts  i s  common t o   t h e   h e a t  
exch- ,qger   and  pr ime  s t ructure.  

The des ign   p rocedure   f o r   op t im iz ing   t he   p r ime   pane l   s t ruc tu re  and t h e  
I-beams i s  shown i n   f i g u r e  67. l h e   r e q u i r e d   i n p u t   v a r i a b l e s   i n   t h e   f i g u r e s  
r e f l e c t   t h e   r e s u l t s  of op tm iza t i on   ana lyses   i n   append ix  E. The on ly   hea t   t rans -  
f e r  parameter  used i s   t he   coo lan t   ou t l e t   t empera tu re   wh ich   de te rm ines   t he   p r ime  
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panel  and beam design  metal  temperature. The s a f e t y   f a c t o r  must  be  used  as a 
m u l t i p l i e r  on app l ied   load  because the   va r ious  beam and  panel members a r e  
des igned  on  the  bas is   o f   compress ive  buck l ing,  and i n  some designs, t h e  optimum 
s t r e s s  may be d i f f e r e n t   f r o m   t h e   m a t e r i a l   y i e l d   s t r e n g t h .   S i n c e   p o s t b u c k l i n g  
behav io r ,   whe the r   e las t i c   o r   i ne las t i c ,  has n o t  been considered i n   t h e   d e s i g n  
procedures,   the  safety   factor   on  load  automat ica l ly   ensures a t  l e a s t   t h e  same 
f a c t o r  on y i e l d   s t r e s s .  

The o u t p u t   r e s u l t s   o f   t h e   a n a l y s i s   a r e   p a n e l  and beam weights and d e t a i l e d  
dimensions.  The  calculat ion  procedure was programmed i n  FORTRAN I1 f o r  an I B M  
7074  computer.  The  diagram i n   f i g u r e  67 i l l u s t r a t e s   t h e   v a r i o u s   p a n e l   d e s i g n  
ranges.  The  numerical  values  given on t h i s   f l o w   c h a r t   a r e  based  upon  Inconel 718 
m a t e r i a l   p r o p e r t i e s  a t  1600'R (889'K). 

Concepts 2 and 3 Heat  Exchanger Op t im iza t i on  

The design  procedures f o r  concepts 2 and 3 determine  the  minimum-weight  heat 
exchanger, p a r t i c u l a r l y   f o r   h i g h - h e a t - f l u x   a p p l i c a t i o n s .  The i n t e r a c t i o n  
between  heat   t ransfer   analys is  and s t ress   ana lys i s   i s   cons ide red ,   exc lud ing   t he  
ef fects   o f   the  pr ime- load-carry ing  s t ructure.   Design  curves  have been  developed 
tha t  p rov ide  a comple te   p ic tu re   o f   the   workab le   des igns ,   inc lud ing   the  minimum- 
we igh t   po in t .  

The fol  lowing  assumptions  were made t o  1 imi t the  range of var iab les,  t o  
impose p r a c t i c a l   c o n s i d e r a t i o n s  on t h e   f a b r i c a b i l i t y  of t h e   h e a t   t r a n s f e r   p l a t e -  
f i n  surfaces, and to   separate  the  heat   exchanger  and p r ime   s t ruc tu re   des ign  

e The  number o f   f i n s   p e r   u n i t   p a n e l   w i d t h  was r e s t r i c t e d   t o   n o t   l e s s  
than 20 f i n s / i n .  (7 .88  f ins /cm)  to   ensure  that   pressure-bending 
s t resses   i n   t he   t op   su r face   shee t  and t h e  common p r i m e - s t r u c t u r a l -  
panel   faceplate  would  not   be  excessive.  The compact f i n  spacing 
wou ld   a lso   reduce  any   poss ib i l i t y   tha t   the   ho t   sur face   sheet   wou ld  
buckle  f rom  the  compressive  in-plane  loading. 

e The maximum temperature  d i f ference  across  the  heat  exchanger  would  be 
equal t o   o r   l e s s   t h a n  400'R (222'K) i n  accordance  wi th  the  low-cycle- 
f a t i gue   ana lys i s .  

The f i n   s p a c i n g  and metal   th ickness  combinat ions  used  were  the  fo l lowing: 

I F in   th ickness  

0.003 in. 0.006 in. 0.004 in. 
F ins/ in .  (cm) 

- Not  analyzed 
X Analyzed 

- - X 40 ( 1 5 . 8 )  

- X X 30 ( 11.8) 

(0.0152 cm) (0.0102 cm) ( 0.0076 cm) 

20 ( 7.9)  X X X 
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The heat  exchanger  fin anaiysis requires that the  following  variables 
be specified: 

0 Coolant  inlet  and  outlet  temperatures and outlet  pressure 

8 Heat  exchanger  material and dimensions 

0 Pane! dimensions  (flow  length and flow width) 

Applied  heat  flux 

e Hot-gas  recovery  temperature 

With a complete  set  of  numerical values  for  these  variables and appropriate  fin 
performance data, the  fluid  pressure  drop, AP, and temperature  difference  across 
the  heat  exchanger,  AT,  can  be  computed.  Derivations  of  the  appropriate 
formulas arid analysis  approach  are  given i n  reference I .  The  primary  result of 
the  calculation  method i s  the  determination of lightest  fin  configuration that 
satisfies  inlet and outlet  hydrogen  pressure and temperature  conditions  as  well 
3 s  adequacy  for  pressure  containment  strength. In the  systematic  calculations, 
fin height  was  treated as the  independent  variable, and a fin  height  range  from 
0.025 in. (0.064 cm)  to 0.100 in. (0.254 cm)  was  scanned at increments of 
0.025 in. (0.064 cm). Separate  curves  were  then  plotted  for  hot-surface  temper- 
ature and required  inlet  hydrogen  pressure  vs  fin  height  for  each  combination 
of  fin  spacing and flow  length at each  of  the  two  heat  fluxes. In all  cases, 
the  hot-surface  face  sheet  thickness was taken to be 0.010 in. (0.025 cm). The 
temperature  difference  through  the  face  sheet  was  computed  to  be 53'R (29'K) 
for  the  heat  flux of 250 Btu/sec-ft2 (2840 kW/m2) and 105'R (58'K) for  the  heat 
flux  of 500 Btu/sec-ft2 (5680 kW/m'). The  effective  average  temperature of the 
facesheet was taken as surface  metal  hot-side  temperature  minus  one-third  of 
rhe  difference  through  the  thickness. 

The  next  step in the  heat  exchanger  design  was  the  calculation  of fin 
rupture  pressure  vs fin height  for all o f  the  design  configurations.  The 
maximum fin temperature  was  used  to  determine  allowable fin stress. The 
allowable  design  stress  for  Hastelloy X fins  vs  metal  temperature is shown in 
figure 68. The allowable  stress is based  upon  the  iower  value  of the shorttime 
yield  stress or  the 100-hr rupture  stress at design  temperature, and a safety 
factor  of 1.5 is  used in the  governing  design  criterion. Fin allowable  pres- 
sure is computed  from  equation (33). 

Curves  of  maximum  metal  temperature,  required  inlet  hydrogen  pressure,  and 
fin a1 lowable  pressure  may be plotted  against fin heights as  shown in figure 69. 
The  assumed  inlet  pressure 1 imitation  of 1000 psi (6890 kN/m2) precludes  the 
use  of  fin  heights  less than 0.026 in. (0.066 cm), whereas  the  upper  limit of 
2000'R ( I I I O ' K )  effective  metal  temperature  restricts  the  maximum fin height 
to 0.046 in. (0. I 17  cm). Therefore,  for  this  particular  design  problem,  there 
is a rather  narrow  bandwidth  of  usable fin heights. 

Fin weight  will  be  minimized  by  selecting  the  combinatirm of minimum fin 
thickness and height  that  does not exceed the specified  inlet  pressure and 
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outlet  temperature  conditions.  Consideration of fin strength f o r  pressure  con- 
tainmment  provides  the  final  necessary  restriction.  The  fins  will  be  designed 
for  the  combination  of  inlet  pressure  and  outlet  temperature,  and  this  intro- 
duces  an  element  of  conservatism  into  the  design. This wnservaiism is  \dell 
justified  because  a  rupture  of  the  heat exclmyer surface  would  lead to a loss 
of  coolant  as  well  as a loss of  local  cooling  capability  and  would  involve a 
very  strong  possibility  of  loss  of  the  vehicle.  The  fin  allowable  pressure 
curve'  intersects  the  inlet  hydrogen  pressure  curve in figure 69 a t  two  points, 
For the  bandwidth  between  these  two  points,  the  fin  strength is always  at  least 
sufficient to contain  the  hydrogen  pressure. 

The  usable  bandwidth  based  on  inlet  pressure  and  outlet  temperature  will 
not necessarily  overlap  the  bandwidth  based on pressure  containment; if it 
does  not  overlap,  a  valid  design w i l l  not  exist.  If  there  is  an  overlap,  the 
lowest  common  point  represents  the  lowest  possible fin height  and,  therefore, 
the  lowest  possible  fin  weight.  The  existence  of  an  overlapping  bandwidth  indi- 
cates  that  further  weight  reduction  maybe  achieved by  reducing  fin  thickness or 
by  increasing  fin  spacing. The  easiest  design  approach is to  retain  the  same 
fin spacing  and  reduce  fin  thickness.  This will shift  the  fin  allowable  pres- 
sure  curve  downward  until  the two intersection  points  merge  into  a  single 
tangent  point.  This  would  represent  the  thinnest  possible  fin  at  the  fixed 
number  of  fins/in.  for  pressure  containment. 

Figure 70 presents  a  plot  of fin effective  thicknesses  vs  fins  per  unit 
width for  a  single  fin  thickness,  at  a  particular  heat  flux  and flow length, but 
with variable fin heights.  The  upper  and'lower  limits  of  permissible  fin  height 
are  affected by allowable  metal  temperature,  inlet  hydrogen  pressure,  fin  con- 
tainment  strength,  and  minimum  fabricable  fin  height.  The  effects o f  these 
various  parameters  are  clearly  brought  out by figure 70. The shaded  area in 
figure 70 represents  the  complete  envelope  of  acceptable fin designs  for  the 
prescribed  fin  thickness,  heat  load  and  design  constraints  of  this  study. 

Manifold  Design 

The  typical  manifolding  arrangement  used for weight  analysis is shown in 
figure 71. The  choice of  the  rectangular  manifolding  as  the  reference  design 
configuration  was  based  on  the  design  layout  studies,  appendix D,  and on the 
flu id flow  analysis  described in reference 1 .  A fundamental  assumption in the 
manifold  design  was  that  internal  baffling or orificing  would  be  employed to 
achieve  zero  flow  maldistribution  at  the  flow  rate  design  point.  This  assump- 
tion  implies  that  the  overall  manifold  pressure drop w i l l  be  equal to the  maxi- 
mum  pressure  drop  flow  path.  Thus  all  other flow paths  would  require  flow 
restrictions  to  raise  their  pressure  drops to  the  maximum  value.  The  large 
number  of  dimensional  variables  involved in the  manifold  design  required  that 
additiotlal  guidelines  and  definitions  be  established to  calculate  consistent 
manifold  pressure  droDs  and  weights  for  the  varied  problem  statements  that  Would 
arise.  The  most  important  points  related to  the  weight  and  pressure  drop  analy- 
sis  are: 



One or more  manifold  inlet  ports  may  be  used.  The  heat  exchanger 
width associated with each  inlet  port  will  be  the  total  panel width 
divided  by  the  number  of  ports.  This  permits  specification of mani- 
fold  flow in terms  of  a  parameter  involving  heat  flux  and  the  heat 
exchanger  length-to-width  ratio. 

The manifold port diameter  was  sized to provide  a  free  flow  area 
equal to  the  heat  exchanger  width  multiplied  by a  height  dimension 
of 0.10 in. (0.25 cm). The  piping  pressure  drop  will be a small 
percentage  of  the  heat  exchanger  pressure  drop in a1 1 cases. 

Developed  manifold  length  was  taken to be 1.5 in. (3.8 cm)  plus  one 
port  diameter.  This  dimension  was  based  upon  the  design  layout 
studies,  and it allows  for  accommodation  of  the  port,  the  seals,  and 
the routing of  pipe  lines. 

Manifold  pressure  containment  was  obtained by the  use  of  plain 
rectangular  fins  between  the  manifold  facesheets  with  a  fixed  fin 
spacing  of 10 fins/in. (3.94 f ins/cm).  Fin  thickness was  determined 
for  pressures  of 300 psi (2070 kN/m2) to I400 psi (9650 kN/m2)  at 
coolant  temperature. 

The manifold  material  selected  was  Hastelloy X. 

Manifold  minimum  thicknesses  were  the  same  as  for  the  heat  exchanger. 

Manifold  height  dimensions  (fin  height)  were  restricted  to  the  range 
from 0.025 in. (0.064 cm)  minimum up to 0.25 in. (0.64 cm)  maximum. 

Inlet  manifold  height  was 0.025 in. (0.064 cm)  for  concept I and 0.05 
i n .  (0.13 cm)  for  concepts 2 and 3. 

Within  the  constraints  established by these  restrictions,  a  negligible  pressure 
drop  occurred  through  the  inlet  manifold.  This  was  due to the high fluid 
density  at  the  inlet  arising  from  the  combination  of high inlet  pressure  and 
low  hydrogen  temperature.  The  fin  height  on  the  outlet  manifold  was  adjusted 
to  satisfy  a  maximum  pressure  drop  of 45 psi (310 kN/m2)  for  concepts 2 and 3 
and 5 psi (35 kN/m2) for  concept I at  the  design  coolant  temperature  and  a 
manifold  outlet  fluid  pressure o f  250 psi (1720 kN/m2). The  required  fin  height 
was  computed  with  the  aid of the  curve  for  manifold  fin  pressure  drop  vs  the 
parameter ( q / A )  (&/w) shown in figure 72. Each  curve  was  generated  for  a  fixed 
fin  height;  the  formula  for  computing  required  fin  height is (from  reference I )  

h =  

where  hpa = presstli-e  drop a1 

Ap = total  manifold f 
C 
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Pressure  containment  stresses  determined  the  required  facesheet  and  fin 
thicknesses.  Figure 68 is applicable  because  material  choice  and  allowable 
stresses  were  the  same  as  for  the  heat  exchanger.  Required  fin  and  facesheet 
thickness  were  determined  from  equations (33) and ( 3 4 ) .  The total  manifold 
effective  thickness  was  computed  from  equation (32). Allowing  for  a  manifold 
developed  length  dimension  of 1.5 in. (3 .8  cm)  plus  port  diameter,  the  expres- 
sion for  manifold  weight is 

Manifold  weight = y (1.50 + Dport) (i) (width), lb 

Total  manifold  weight  per unit area is 

Manifold  weight/unit  area = (Wt i nl et + 1 et ) /pane I a rea 

Although  this  approach  for  manifold  design  has  not  been  carried to the 
degree  of  optimization  employed  for  the  prime  panels,  I-beams,  and  heat 
exhangers, it does  provide  representative  manifold  weights. It  does  not in any 
way  affect  the  choice o f  lightest  panel  weight  for a  particular  pressure  load 
and  heat  flux.  Furthermore, it provides  the  designer  or  analyst with a sound 
reference  starting  point  for  obtaining  an  optimum  design. 

Piping 

Piping  weights  were  estimated  assuming  that  the  manifolding  arrangement 
requires  lengths  of  hot  outlet piping equal  to  panel  length.  No  contribution 
due  to  inlet piping weight  was  considered.  The  following  additional  assump- 
tions  were  used 

(a)  Number Of outlet  pipes  equals  number  of  outlet  manifold  ports 

(b) Pipe  material is Inconel 718 

(c)  Pipe  diameter  equals  outlet  port  diameter 

It was  determined  that  an  assumed  wall  thickness  of 0.030 in. (0.076 cm)  would 
be  satisfactory in a1 1 cases. 

Sea 1 Des ign 

The  joints  between  adjacent  panel  edges  require  an  adequate  sealing 
arrangement  that  will  withstand high heat  loads  and  normal  pressure  loads. 
A weight  estimate  of  the  sealing  mechanism is  required  to  obtain  the  weight  con- 
tribution  per unit panel  area. A sliding  type  of  seal  was  envisioned  as  the 
most  practical  design  concept.  The  panel  dimensions  will  be  sized  to  an  initial 
gap  which  closes  as  the  panels  are  heated  thus  precluding  direct  exposure  of  the 
seal  strips  to high heating  rates,  Good  thermal  contact  between  the  seals  and 
the  panels is assumed  to  sustain  the  seals at local  panel  temperature. 
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1.he i c j ra l  pane1 temperature was used t o   e s t a b l i s h   a l l o w a b l e   m a t e r i a l  
stress, and the   sea l  was t h e n   s i z e d   t o   w i t h s t a n d   t h e   a p p l i e d   n o r m a l   p r e s s u r e .  
F igu re  73 i s  a s k e t c h   o f   t h e   s e a l  and the   reg ion   o f   no rma l   p ressu re   l oad ing ,  
The t o t a l  seal  w i d t h  and the   po r t i on   o f   t he   sea l   w id th   under   p ressu re   were  
de temi r l e i l  from the   layout   s tud ies .  For a l l   s u p e r a l l o y   p a n e l s ,   t h e s e  dimen- 
sions were 1.3 in. (3.3 cm) and 1.0 in. ( 2 . 5  cm), respec t i ve l y .   Fo r   t he  
concept 3 des igns,   the  pressure  seal   is   between  the  a luminum  pr ime  s t ructura l  
pane.ls, hav ing  lower   thermal  movements t h a n   t h e   s u p e r a l l o   p a n e l s ;   t h e   t o t a l  
w i d t h  and p r e s s u r e   w i d t h   w e r e   t a k e n   t o  be 1.0 in .  ( 2 . 5  cm J and 0.8 in .  (2.0 
cm), r e s p e c t i v e l y .  The s e a l   m a t e r i a l  was assumed t o  be H a s t e l l o y  X f o r   t h e  
concept I and 2 panel  designs  and 6G61-T6 aluminum f o r   t h e   c o n c e p t  3 panel .  
The sea l   th ickness  was then   based   upon   sa t i s f y ing   t he   a l l owab le   s t ress  by 
t r e a t i n g   t h e   l o a d e d   p o r t i o n  as a s imply  supported  span  under  uni form  pressure.  
The s e a l   r i n g s   p r o v i d e   t h e   a c t u a l   p r e s s u r e - t i g h t   j o i n t ,  and b y   v i r t u e   o f   t h e i r  
geomet ry,  they make the  cond i t i o n   o f  s imp 1 e edge  support  rea 1 i s t   i c .  The maxi- 
n u n  beam bend ing   s t ress   i s   g i ven   by   t he   f o rmu la :  

(J = m/z = - 3 p a 2  
4 t  

A s a f e t y  f a c t o r  of  
t le des i gn  s t resses  
Hastelloy X seals .  
gas  temperature, wh 

1.5 was used t o  compute the   a l l owab le   s t ress ,  and t h e r e f o r e  
v s   t e m p e r a t u r e   p l o t t e d   i n   f i g u r e  72 a r e   a p p l i c a b l e   f o r  
The seals  were assumed t o  be a t  room temperature or l o c a l  

i chever  was h ighe r .  The requ i red   t h i ckness   i s :  

t 
requ i red  

The s e a l   w e i g h t   i s   t h e   p r o d u c t   o f   c r o s s - s e c t i o n a l  area, length, and m a t e r i a l  
d e n s i t y .  'The s e a l   w e i g h t   p e r   u n i t   a r e a  i s  then  one-ha l f  o f  t h e   t o t a l  seal 
weight  a long  the  four  panel   edges  (each  seal   forms a common j o i n t  between  atl-ja- 
cent   panels)   d iv ided  by  panel   area.  

Attachment C 1  ip   Des ign  

Attachment cl ips   have  been  des igned  for   jo in ing  the  panels  to t h e  l-lwar,, 
supports. The f u n c t i o n  o f  the  at tachments i s  t ransmiss ion  o f  the  panel   loads 
t o   t h e  beans.  These  loads  are  pr imari ly due t o   t h e   e x t e r n a l l y   a p p l i e d   u n i f o r m  
normal  pressure  and  the  thermal  loads  caused  by  the  bowing  tendency  of   the 
heat  exchanger  surface,  which  has a tempera ture   g rad ien t   ac ross  i t s  h e i g h t .  
The c l i p s ,  shown i n   f i g u r e  74,  a r e   d e s i g n e d   t o   m i n i m i z e   s t r e s s e s  due t o  tem- 
pera ture   d i f fe rences   be tween  the   pane l  and t h e  beam. The attachment i s  brazed 
d i r e c t l y   t o   t h e  panel ,   and  the  at tachment  mater ia l   contacts  the  panel   between 
t h e   b o l t s   t o   i n c r e a s e   t h e   c o n d u c t i o n   p a t h   l e n g t h   t o   t h e   a t t a c h m e n t   m a t e r i a l  
f a r thes t   f rom  the   pane l .  I t  wou ld   be   des i rab le   t o   p lace   t he   a t tachmen ts   i n te r -  
m i t t e n t l y   a l o n g   t h e   p a n e l   t o   r e d u c e   t h e   t h e r m a l   s t r e s s e s .  However, t h e ' a p p l   i e d  
pressure  must be t rans fe r red   by   t he   pane l  webs ( o r   f i n s )   i n  compression,  and 
in te rm i t tan t   a t tachmen ts   wou ld   l ead  t o  inc reases   i n   t he   pane l  web ( f i n )   t h i c k -  
ness.  Since a b r i e f   i n v e s t i g a t i o n  showed tha t   con t inuous   suppor t   g ives   the  



l i g h t e s t   w e i g h t  f o r  the  panel   and  at tachment  combinat ion,  a c o n t i n u o u s   c l i p  
was used. S l o t t e d   b o l t   h o l e s   a r e   u s e d   t o   p e r m i t   d i f f e r e n t i a l   e x p a n s i o n   b e t w e e n  
the  panel   at tachment  and  the beams t o   m i n i m i z e   t h e r m a l   s t r e s s e s .  

A 0.010-in. (0.0254 cm) a t tachment   wa l l   th ickness  wa5 d e t e r m i n e d   t o  be 
s a t i s f a c t o r y   i n  a l l  cases, w i t h   t h e   f o l l o w i n g   a s s u m p t i o n s :  

0 Attachment c l i p  developed  widtS i s  2 i n  
f lange  width,   b f  

0 B o l t   w e i g h t   i s  25 percent   o f   a t tachment  

The c f i p   w e i g h t   p e r   u n i t   a r e a   f o r  a m a t e r i a l  dens 
i s   t h e n   g i v e n   b y   t h e   e q u a t i o n :  

Wt/un i t   area = ( 0 . 5 4 / c )  (2.0 + b f )   l b / f t 2  

Wt/un i t   area = ( 2 . 6 3 / c )  (5. I + b f )  kg/m2 

where c = beam spacing,  in. (cm) 

bf = beam f lange  w id th ,   in .  (cm) 

( 5  cn) p l u s   t h e  beam 

we i ght  

ty o f  0.30 W i n 3  (8300 kg/m3) 

( U. S. cus tomary   un i t s )  

( S .  I. u n i t s )  

Concept 3 Shingle  Support  Panel 

The regenera t i ve l y   coo led   sh ing le   cons i s t s  o t  a heat  exchanger  top-surface 
sheet made o f   H a s t e l l o y  X, H a s t e l l o y  X f ins,   and a sandwich  support  panel  fab- 
r i c a t e d   f r o m   I n c o n e l  718. The suppor t   panel   prov ides  suppor t   for   the  regenera-  
t i v e l y   c o o l e d   s h i n g l e ;  i t  will keep t h e   s h i n g l e   f l a t  and p r e v e n t   f l u t t e r   i n s t a -  
b i l i t y .  To p r e v e n t   t h e   a p p l i c a t i o n   o f   l a r g e   p r e s s u r e   d i f f e r e n t i a l s   t o   t h e  
sh ing le   su r face ,   t he   sh ing le  will no t  be sealed  around  the  edges. The s h i n g l e  
s t r u c t u r e  has  been s i z e d   t o   c a r r y  a no rma l   p ressu re   f o rce   o f  2000 p s f  (96 kN/m') 
and an equal  dynamic  pressure. The amount o f   t h e r m a l   b o w i n g   d e f l e c t i o n   t h a t  
would be caused  by  the  temperature  d i f ference  between  the  hot   sur face  o f   the 
heat  exchanger  and  the  Inconel  718 sandwich  panel was ca l cu la ted .  The thermal 
d e f l e c t i o n s   w o u l d  be e x c e s s i v e   f o r  an  unsupported  span o f  24 in. (0.61 m). For 
t h i s  reason,  spacer beams a re   p rov ided  6 in. (0.152 m) a p a r t   t o   h o l d   t h e   p a n e l  
f l a t .  The suppor t   pane l   i s   t hen   s i zed   t o   ca r ry   t he   comb ined   bend ing  moments 
due to   app l   ied   normal   p ressure   and  thermal   s t resses .  

Spacer Beam D e s i g n   f o r  Concept 3 

The concept 3 pane l   des ign   requ i res   tha t   spacer  beams be  used t o  mount t h e  
c o o l e d   s h i n g l e s   t o   t h e   u n d e r s i d e   p r i m e   p a n e l   s t r u c t u r e .  These  spacer beams will 
be made f rom  Incone l  718, and they  will n o t   t r a n s m i t   o r  be exposed t o   h i g h  
s t r u c t u r a l   l o a d s .  The spacers   serve   the   twofo ld   func t ion   o f   ho ld ing   the   sh ing le  
r e l a t i v e l y   f l a t  and o f   e n s u r i n g   a g a i n s t   l o c a l   f l u t t e r   i n s t a b i l i t y   o f   t h e   s h i n g l e  
spans  between the  spacer  beams. A spacer   separat   ion of  6 in.  ( 15.24 cm) was 
assumed f o r   a l l  concept 3 designs. The spacer beam  was assumed t o  be  an  I-beam 
o f   t h e   f o !   l o w i n g  dimens  ions: 
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Flange  width = 0.25 in. (0 .64  cm) 

Flange  thickness = 0.030 in. (0.076 cm) 

Web  height = 1.0 in. ( 2 . 5  cm) 

Web  thickness = 0.020 in. (0.051 cm) 

Beam  weight/unit  area = 0.30 lb/ft2 (1.47 kg/rn2) 

The  spacer  beam will be  exposed  to  shingle  temperature  on  the  upper  flange 
and  prime  panel  metal  temperature  on  the  lower  flange.  If a solid  web  were 
used,  'the  beam  would  tend  to  bow,  and a sizable  bowing  deflection  would  take 
place, On the  other  hand,  constraint  against  bowing  would  produce  very high 
loads  on  the  beams,  panels,  and  attachment  clips.  One  solution  would  be  the 
application of an  insulation  layer  on  the  contacting  surfaces  of  both  flanges, 
but this  introduces  the  requirement  to  select  and  apply a workable  insulator. 
A more  reasonable  approach  would  be  the  use  of a corrugated  web  attached  to  the 
flange  at  discrete  points  only. An improved  solution is shown in figure 75. 
The  web  consists  of  several  small  plate  elements  that  provide  flexibility  along 
the  lengthwise  beam  axis. A short  length of web  at  the  center  of  the  beam 
is oriented  along  the  the  beam  axis to.provide  flange-to-flange rigidity in the 
beam  axis.  The  flanges will then  be  somewhat  free  to  grow  relative to  each 
other  and  still  maintain  the  proper  load  paths  and  riqidity  characteristics  to 
support  the  shingles.  Segmenting  the  beams  wi 1 1  then-pr 
from  limiting  the  distance  over  which  the  beam  can  provi 

. .  

Sample  Calculation  for  Concept I 

A sample  calculation is provided  for  concept I to i 

event  thermal  stresses 
de support. 

llustrate  the  principal 
calculations  outlined in the  preceding  design  procedure.  Table 22 provides a 
summary  of  the  results for this  calculation  using a 7 psi (48  kN/m2)  applied 
normal  pressure  and a IO Btu/sec-ft2 ( I14 kW/m2)  heat  flux. 

Panel,  beams,  and  attachment  clip  weiqht.-  Curves  such  as  those  shown in 
figure 64 together with the  selected  coolant  outlet  temperature  of 1600'R 
(889'K) were  used  to  obtain  pane1  design  temperatures.  The  resulting  metal 
temperatures,  thermal  stresses,  and  design  stresses  are  shown in table 23 for 
two  fin  spacings  using  plain  fins.  Table 23 also  gives  the  weight  summary  for 
each fin height  from  which  the  configuration  for  minimum  weight  presented in 
table 22 was  selected. 

Coolant  containment  strenqth.-  Pressure  containment  strength  must  be  veri- 
fied  for  both  the  fins  and  the  faceplates.  The  fins  and  faceplates  were  checked 
to  contain 300 psi (2070 kN/m2)  at  the  outlet-end  hot-surface  metal  temperature. 
Fin  tensile  stress is obtained  from  equation ( 3 3 )  

Ofin = P I /o. 5 = 9400 PS i (64 700 kN/m2) 1 
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Faceplate  bending  stress i s  computed  from  equation (34) 

(J = 0.5 p(bfin - tfin)2/t: = 3310 psi (22 800 kN/m2) 

These  stresses  are  not  critical. 

Manifold  design.- The  following  data  inputs  are  used  to  investigate  the 
manifold  design: 

( a )  Coolant  inlet  pressure, 300 psi (2070 kN/m2) 

(b) Outlet  manifold  design  temperature = 16OOOF (889OK) 

(c)  Manifold  flow  parameter,  (q/A)(R/w) = IO Btu/sec-ft2 ( I  I4 kN/m2) 

(d)  Single  outlet  port,  with  diameter = 1.75 in. (4.44 cm) 

By following  the  analysis  procedure  indicated in the  section,  Manifold 
Design, it was  determined  that  a  pressure drop limitation  of 5 p s i  (35 kN/m2) 
is satisfied with a fin  height of 0.023 in. (0.058 cm) in the  outlet  manifold. 
This is  less  than  the  minimum  gage  fin  height.  The  fin  height  for  the  outlet 
manifold,  as  well  as  for  the  inlet  manifold,  should  be  0.025 in. (0.064 cm). 

The  next  step is the  verification  of  pressure  containment  strength  for 
IO fins/in. (3.94 f ins/cm)  and 0.003 in. (0.008 cm)  fin  thickness.  For a 
Hastelloy X manifold  material  at 1600'R (889OK), the  allowable  stress is 27 000 
psi (186 000 kN/m2). Tensile  stress  and  bending  stress  for  the  faceplates  are 
computed  using  the  same  formulas  as  above  for  the  sandwich  panel 

0 fin = p [(bf in/tf in) - 1]/0.5 = 5820 psi (40 200  kN/m2) 

o = 0.5 p(bfin - tfin)2/t; = 14 100 psi (97 200 kN/m2) 

These  stresses  are  well  within  the  allowable  desi.gn  value,  and  the  weight 
calculations  will  be  based  upon  the  minimum  gages.  The  effective  metal  thick- 
ness is 

- 
t = tfin t + 2tf = 0.0247 in. (0.0602 cm) 

fin 

The  rectangular  manifold  runs  the full width  of  the  panel, 2  ft (0.61 m), and 
its  developed  length  is  the  port  diameter  of 1.75 in. (4.44 cm) plus 1.5 in. 
(3.81 cm), or a total  of 3.25 in. (8.25  cm).  Hence,  the  weight  of  each  mani- 
fold  for a metal  density  of 0.3 lb/in.3 (8300 kg/m3) is 

Weight/manifold = (0.3) (0.0247)(24)(3.25) = 0.556 1b (0.251 kg) 

Therefore,  for  panel  dimensions  of 2 ft by 2 ft (0.61 m by 0.61 m), the  weight 
per unit area is 
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Weigh t /un i t   a rea  = 0.14 l b / f t 2  (0.68  kg/m2) 

The p i p i n g   w e i g h t  has   been  ass igned  as   par t   o f   the   man i fo ld   we igh t .  
A minimum p i p e   t h i c k n e s s   o f  0.030 in.  (0.076 cm) has  been  assumed f o r   t h e   p i p i n g ,  
and t h i s   e a s i l y   s a t i s f i e s   t h e   p r e s s u r e   c o n t a i n m e n t   s t r e n g t h .   T h i s   l e a d s   t o  a 
p i p e   w e i g h t   o f   0 . 5 9 5   l b / f t  (0.886 kg/m), and f o r  a 2 - f t  (0.61-111) panel  width, 
t h e   p i p e   w e i g h t   p e r   u n i t   a r e a   i s  0.30 l b / f t 2  (1.45  kg/m2). 

The t o t a l   w e i g h t   f o r   t h e   i n l e t   m a n i f o l d ,   o u t l e t   m a n i f o l d ,   a n d   p i p i n g  i s  

Weigh t /un i t   a rea  = 2 (0.14) -k 0.30 = 0.58 l b / f t 2  (2.83  kg/m2) 

Seal  design.- H a s t e l l o y  X s e a l   r e q u i r e d   t h i c k n e s s   i s   c a l c u l a t e d   f o r  temp- 
e r a t u r e s   o f  1600'R (889'K) a t   t h e   h o t  end,  850'R (472'K) on  the  sides,  and room 
tempera tu re   on   t he   i n le t  end. U s i n g   t h e   a p p r o p r i a t e   m a t e r i a l   a l l o w a b l e   s t r e n g t h s  
fo r   each   sec t   i on   under   an   app l   i ed   p ressu re   o f  7 ps i   (48  kN/m2) wi th a s a f e t y  
f a c t o r   o f  1.5, t h e   w e i g h t   p e r   u n i t   a r e a   f o r  a 2 - f t  (0.61-111) square  panel i s  0.06 
l b / f t 2  (0.29  kg/m2). 

Sample C a l c u l a t i o n   f o r  Concept 2 

The des ign   l oads   a re  100 ps i   (689 kW/m2) f o r  normal  pressure  and  250 
Btu/sec- f t2   (2840 kW/m2) f o r   h e a t   f l u x .  A summary o f  component weights, 
m a t e r i a l   s e l e c t i o n s ,  and d e t a i l e d   d i m e n s i o n s   i s   p r o v i d e d   i n   t a b l e  24. 

S t r u c t u r a l   p a n e l  and  I-beam  desiqn.- The dimensions  and  weights f o r   t h e  
primary  panel  and  the  I-beam  were  obtained  from  the  computer  program. The 
r e s u l t s   o f   t h i s   c o m p u t a t i o n   a r e   l i s t e d   i n   t a b l e  24. The optimum beam spacing 
i s  4.704 in. (0. 120 m); t h i s   i s   d e n o t e d  as  panel  optimum span. 

Heat  exchanger  desiqn.- The b a s i c   i n p u t s   f o r   t h e   H a s t e l l o y  X heat  exchanger 
u s i n g   o f f s e t   f i n s   a r e   g i v e n   i n   t a b l e  24. A w i d e   v a r i e t y   o f   f i n   h e i g h t s ,  
spacings,  and  metal  thicknesses  were  analyzed. The minimum p o s s i b l e   f i n   w e i g h t  
o c c u r r e d   f o r  a f i n   d e s i g n   w i t h  21 f i n s / i n .  (8.27 f ins/cm)  and a meta l   th ickness  
o f  0.003 in.  (0.0076 cm). The s e l e c t e d   f i n   s p a c i n g   o f  20 f i n s / i n .  (7.9 f ins/cm) 
produces a very   smal l   we igh t  change. The weight  shown i n   t a b l e  24 inc ludes   the  
a l l o w a n c e   o f  0.09 l b / f t 2  (0.44  kg/m2) f o r   b r a z i n g   a l l o y .  

Mani fo ld   des iqn. -  The man i fo ld   des ign   p rocedure   used  fo r   th is   pane l  was 
v i r t u a l l y   i d e n t i c a l   t o   t h a t   u s e d   f o r   t h e   c o n c e p t  I design. The i n p u t s   t h a t   a r e  
d i f f e r e n t   a r e :  

( a )  C o o l a n t   i n l e t   p r e s s u r e  = 1000 psi   (6890 kN/m2) 

(b )  One o r  more m a n i f o l d   p o r t s  may be  used  over  the  panel  width 
( A  s i n g l e   p o r t  was found t o   s u f f i c e )  

( c )   M a n i f o l d   f l o w   p a r a m e t e r  =. 250 Btu /sec- f t2   (2840 kW/m2) 

(d) Minimum m a n i f o l d   h e i g h t  = 0.050  in. (0. 127  cm) 
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(e)  Maximum m a n i f o l d   h e i g h t  = 0.250 in.  (0 -:. II) 

( f )  A l l o w a b l e   p r e s s u r e   d r o p   f o r   o u t l e t  r. 1; fo ld  = ‘ S  ps i   (310 kN/m2) 

The c a l c u l a t e d   o u t l e t   m a n i f o l d   h e i g h t  was  142 in.  :0.361 cm) f o r  a  mani- 
f o l d   w i t h  a s i n g l e   i n l e t   p o r t .   F o r  a meta l  tempc. ..- . c  ;i 1600°R (88g0K), 
r e q u i r e d   f i n   t h i c k n e s s   i s  computed as f o l l o w s  

t f i n  
= ( lOOO)(O.  100)/[(0.5)(27 000 + 1000) = 0.007  in.  (0.018 cm) 

The r e q u i r e d   f a c e p l a t e   t h i c k n e s s   i s  

= 0.013 in.  (0.033 cm) 

The o u t l e t   m a n i f o l d   e f f e c t i v e   t h i c k n e s s   i s  0.044  in.  (0.112 cm). To ta l   deve l -  
oped l e n g t h   o f   t h e   m a n i f o l d  is 3.25  in.  (8.25 cm). The we igh t   pe r   un i t   a rea  
based  upon  a 2 - f t  by 2 - f t  (0 .61 -m by  0.61-m) p a n e l   i s  

\ le igh t /Un i t   a rea  = (0.3)(3.25)(24)(0.044)/(2)(2) = 0.26 I b / f t 2   ( 1 * 2 7  

P r e s s u r e   d r o p   f o r   t h e   i n l e t   m a n i f o l d   i s   n e g l i g i b l e ,  and t h e  minimum f i n  
h e i g h t   o f  0.050 in. (0. 127 cm) i s  used.  The d e s i g n   o f   t h e   i n l e t   m a n i f o l d  i s  
based  upon  room-temperature  proper t ies  o f   Haste l loy X. The computed  metal 
th ickness,   us ing  the same formulas as f o r   t h e   o u t l e t   m a n i f o l d  i s  

t f i n  
= 0.0055  in.  (0,0114 cm) 

t f  = 0.012 in. (0.031 cm) 

I n l e t   m a n i f o l d   w e i g h t   p e r   u n i t   a r e a   i s  

b le igh t /un i t   a rea  = 0.19 l b / f t 2  (0.93 kg/m2) 

The p ip ing   d iamete r  i s  1.75 in.  (4.45 cm), and the  minimum w a l l   t h i c k n e s s  
of  0.030 in.  (0.076 cm) i s  adequate   fo r   con ta inment   o f  1000 p s i  (6890  kN/m2) 
a t  1600’R (889’K). P i p i n g   w e i g h t   i s   t h e  same as f o r   t h e   c o n c e p t  I design,  0.30 
l b / f t 2  (1.46  kg/m2). 

Attachment c l i p   des iqn . -   Fo l l ow ing   t he   p rocedure   g i ven  above, t h e   c l i p  
we igh t   f o r   t he  1.216 in. (3.09 cm)  beam f l a n g e   w i d t h  and 4.704 in.  (11.9 cm) 
beam s p a c i n g   g i v e n   i n   t a b l e  24 i s  

Weigh t /un i t   a rea  = (0.54/4.704)(2.0 + 1.216) = 0.37 l b / f t 2  (1.80  kg/m2) 
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Seal des i  n.- The sea l   t h i ckness   i s  based  upon the  appl ied  normal   pressure 
of 10@kN/m2). The we igh t   o f   the   sea l   per   un i t   a rea  was found t o  be 

Weight /un i t   area = 0.23 l b / f t 2  ( 1 .  12 kg/m2) 

Sample C a l c u l a t i o n   f o r  Concept 3 

The des ign  loads  are 250 p s i  (1720 kN/m2) f o r  normal  pressure  and 500 
Btu/sec-f t2  (5680 kW/m2) f o r   h e a t  f l u x .  The resu l t ing   we igh ts ,   mater ia l   se lec-  
t ions,  and d e t a i l e d  dimens  ions  are  presented  in  table-25. - 

Pr ime  s t ruc tu ra l   pane l  and  I-beam  desiqn.- The opt imum mater ia l   cho ices  
were  aluminum a l l o y  6061-16 f o r   t h e   p r i m e   s t r u c t u r a l   p a n e l  and t i t a n i u m  
5Al-2.5 Sn for  t h e  I-beams.  The  computed deta i led  d imensions and weight   resul  
a r e  shown i n   t a b l e  25. 

t s  

Heat  exchanqer  desiqns.- Two heat  exchanger p l a t e - f i n   s u r f a c e s   a r e  used 
w i th   the   concept  3 panel  design. The heat   exchanger   fo r   the   regenera t ive ly  
coo led   sh ing le  will absorb  most of the  heat load and will opera te   a t   e leva ted  
temperature.  This  heat  exchanger will be made f rom  Haste l loy  X, and the  design 
procedure  for   the  heat  exchanger i s  v i r t u a l l y   i d e n t i c a l  w i th  t h a t  used fo r   t he  
concept 2 design. An aluminum p l a t e - f i n   h e a t  exchanger  surface will be brazed 
t o   t h e  a luminum  pr ime  s t ruc tu ra l   pane l ;   i t s   ma jor   func t ion  i s  t o   p r o t e c t   t h e  
prime  panel and t i t a n i u m  beams from  bypass  heat  leakage  around  and  through  the 
shingles.  The aluminum  heat  exchanger i s  e s s e n t i a l l y  a minimum-gage design. 
For the  purposes  o f   analys is ,  i t  was assumed t h a t  10 percent o f  t he   app l i ed  
heat 
f 1 ow 
and t 

heat 
a r e  1 

l oad  was absorbed  by  the  aluminum  heat  exchanger,  and  that  the  coolant- 
r o u t i n g   p a t h  was a series  connection  through  the  aluminum  heat  exchanger 
hen th rough  the   Has te l loy  X exchanger. 

Has te l l oy  X heat  exchanger: The i n l e t   t e m p e r a t u r e   i n t o   t h e   H a s t e l l o y  X 
exchanger i s  250'R (I39'K). Other  inputs  used t o   e s t a b l i s h   t h i s   d e s i g n  
i s t e d   i n   t a b l e  25.  The r e s u l t s   o f   t h e   h e a t   t r a n s f e r   a n a l y s i s  and f i n  

s t r e n g t h   c a l c u l a t i o n s  showed t h a t  minimum p e r m i s s i b l e   f i n   h e i g h t   i s  0.037  in. 
(0.094 cm), w i t h  40 f i n s / i n .  (15.76  f ins/cm),   and  that   required  f in  th ickness 
i s  0.003 in. (0.0076 cm). Pressure   con ta inment   capab i l i t y   o f   the   f ins   and  the  
facep la te  was f ound   t o  be s a t i s f a c t o r y .  The we igh t   o f   heat  exchanger, inc lud-  
ing   t l i e   ho t -sur face  sheet, t he   f i ns ,  and an a l lowance  o f  0.09 l b / f t 2  (0.44 
kg/m2) f o r   b r a z i n g   a l l o y  i s  

\ Je igh t /un i t  area = 0.85 l b / f t 2  (4.15 kg/m2) 

Aluminunl heat  exchanger: The heat  exchanger  weight  and  dimensional 
d e t a i l s  a r e  p r e s e n t e d   i n   t a b l e  25.  The weight   est imate  inc ludes an allowance 
o f  0.03 l b / f t 2  (0.152 kg/m2) f o r   t h e   b r a z i n g   a l l o y .  The f i n   h e i g h t   o f  0,050 in. 
(0.127 cm)  was se lected;   th is   produces a negl ig ib le   pressure  drop-- less  than 
5 psi  (34.5  kN/m2)--through  the  heat  exchanger. A f i n  spac ing   o f  20 f i n s / i n .  
(7.88  fins/cm)  and a f i n  minimum-gage th i ckness   o f  0.004 i n .  (0.0102 cm) were 
used, as was a minimum-gage facep la te   t h i ckness   o f  0.016 in.  (0.041 cm). 
The f i n   t e n s i l e   s t r e s s e s  and faceplate  bending  s t resses were v e r i f i e d   f o r   p r e s -  
sure containment  and  found t o  be s a t i s f a c t o r y .  
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Mani fo ld   des iqn. -  The m a n i f o l d i n g   f o r  
m a n i f o l d s   f o r   t h e   s h i n g l e  and  aluminum man - 

exchanger. The p i p i n g   i s   c o n s t r u c t e d   f r o m  

concept 3 i n c l u d e s   H a s t e l l o y  X 
f o l d s   f o r   t h e   p r i m e   p a n e l   h e a t  
Incone l  718 f o r   t h e   s h i n g l e  and 

H a s t e l l o y  X i n l e t   m a n i f o l d :  The minimum f i n   h e i g h t   o f  0.050 in.  (0. 127 cm) 
and  a f i n   s p a c i n g   o f  0. 100 (0.254 cm) were  used, The requ i red   meta l   th icknesses  
f o r   t h e   f i n s  a n d   s i d e p l a t e s   a r e   t h e  same as fo r   concep t  2.  The developed  length 
o f   t h e   m a n i f o l d  can  be  reduced  because  seals  are  not  requi  red. A d imens ion   o f  
2.25  in,  (5.71 cm) was used   i ns tead   o f  3.25  in.  (8.25 cm). The w e i g h t   p e r   u n i t  
a rea   f o r  a 2 - f t  by 2 - f t  (0.61-111 by 0.61-111) panel i s  

We i g h t / u n i  t area = (0.14) = 0.1 l b / f t 2  (0.49  kg/m2) 

H a s t e l l o y  X o u t l e t   m a n i f o l d :  The o u t l e t   m a n i f o l d  was s i z e d   f o r  an  a l low-  
ab le   p ressu re   d rop   o f  45 ps i   (310  kN/m2). Fo r   t he   requ i red   f l ow   ra te ,  i t  was 
de te rm ined   tha t   two   ou t l e t   po r t s   wou ld  be needed. Hence, the   man i fo ld   f l ow  
pa ramete r   i s  1000 B t u / s e c - f t 2  ( I  I 350 kW/m2).  The r e q u i r e d   m a n i f o l d   f i n   h e i g h t  
i s  0. 193 in.  (0.49 cm). The m e t a l   t h i c k n e s s e s   o f   t h e   f i n  and s i d e p l a t e s   a r e  
the  same as  those  needed fo r   concep t  2 because  hydrogen  pressure  and  metal 
temperature  are  the same.  The r e q u i r e d   p o r t   d i a m e t e r  i s  1.25 in.  (3. 17  cm), 
a n d   t h e   d e v e l o p e d   l e n g t h   o f   t h e   o u t l e t   m a n i f o l d   i s   t h e   p o r t   d i a m e t e r   p l u s   0 . 5  
in .  (1 .27  cm), o r  1.75 in.  (4.44 cm). The o u t l e t   m a n i f o l d   w e i g h t   p e r   u n i t   a r e a  
i s  

W e i g h t h n i t   a r e a  = 0.15 l b / f t 2  (0.73  kg/m2) 

Incone l  718 p i p i n g :  Two p ipes  1.25 in.  (3.17 cm) in. diameter  and with a 
wbl 1 thickness  of  0.030  in.  (0.076 cm) a re   requ i red .  The p i p i n g   w e i g h t   p e r  
u n i t   a r e a   i s  0.43 l b / f t 2  (2. IO kg/m2). 

Aluminum mani fo lds :  The aluminum i n l e t  and ou t l e t   man i fo lds   ope ra te   be low 
r w r n  temperature.   S ince  the  pressure  drop i s  neg l i g ib le   t h rough   these   man i fo lds  
and  the  aluminum  heat  exchanger,  the  containment  pressures will be the same, 
at ld   requi red  meta l   th icknesses will be i d e n t i c a l .  A I .0- in .   (2 .54-cm)  por t  
d iameter  was used,  and the   deve loped   l eng th   d imens ion   o f   t he   man i fo ld  was there-  
f o r e   t a k e n   t o  be 2.5 in .  (6.35 cm).  The t o t a l   w e i g h t   p e r   u n i t   a r e a   f o r   t h e   t w o  
man i fo lds  i s  0. 12 l b / f t 2  (0.59  kg/m2). 

Aluminum p i p i n g :  A s ing le   a luminum  p ipe  1.0 i n .  ( 2 . 5 4  cm) i n   d i a m e t e r   i s  
used wi th a w a l l   t h i c k n e s s   o f  0.030 in.   (0,076 cm). Containment  strength i s  
s a t i s f a c t o r y   f o r  an i n t e r n a l   p r e s s u r e   o f  1000 ps i   (6890 kN/m2),  and the weight  
p e r   u n i t   a r e a  i s  0.06 l b / f t 2  (0.30 kg/m2). 

To ta l   we igh t   o f   man i fo lds   and   p ipes :  The combined  weight of the   man i fo lds  
and p ip ing   f o r   bo th   hea t   exchangers  i s  

W e i g h t h n i t   a r e a  = 0. IO + 0. 15 i- 0.43 f 0, 12 + 0.06 = 0.86 l b / f t 2  (4.20 kg/m2) 
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Attachment c l i p   d e s i q n . -   T h e r e   a r e   t h r e e   s e t s   o f   a t t a c h m e n t   c l i p s  i n  the  
concept 3 design  compared w i th  one s e t   f o r   c o n c e p t s  I and 2. The a d d i t i o n a l  
t w o   s e t s   p r o v i d e   f o r   a t t a c h m e n t   o f   t h e   r e g e n e r a t i v e l y   c o o l e d   s h i n g l e   t o   t h e  
upper   f langes   o f   the   spacer  beams and fo r   a t tachmen t   o f   t he   a lum inum  pane l   t o  
the   l ower   f l ange   o f   t he   space r  beams. The a t t a c h m e n t   c l i p s   f o r   t h e   j o i n t  
between the  sh ing les  and  the  spacer  beams a re   I ncone l  718. The remaining  two 
se ts   a re   a lum inum  a l l oy  6061-T6. 

Cooled  shingle-to-spacer beam a t tachmen t   c l i ps :  The spacer beams will be 
placed  6.0 in. (0.152 m) apar t ;   the  spacer  beam f l a n g e   w i d t h  i s  0.250  in. 
(0.64 cm). The w e i g h t   p e r   u n i t   a r e a  for  these  a t tachment   c l ips  i s  

Weight /un i t   area = (0.54/6.0)(2.0 + 0.25) = 0.20 l b / f t 2  (0.98  kg/m2) 

Spacer  beam-to-aluminum  panel  attachment  cl ips: These c l i p s  may be com- 
p u t e d   d i r e c t l y   f r o m   t h e  above v a l u e   s i n c e   a l l   d i m e n s i o n s   a r e   i d e n t i c a l .  The 
d e n s i t y   r a t i o   o f  aluminum t o   I n c o n e l  718 i s  used t o   g i v e  a w e i g h t   o f  0.07 l b / f t 2  
(0.33  kg/m2). 

P r ime  s t ruc tu ra l   pane l - to - I -beam  a t tachmen t   c l i ps :  The I-beam  spacing 
i s  5.185  in.  (0.132),  and  the  computed beam f l a n g e   w i d t h   i s  1.469 in.  (3.73 cm). 
The w e i g h t   p e r   u n i t   a r e a   i s  

Weight /un i t   area = ( 0 . 1 / 0 . 3 ) ( 0 . 5 4 / 5 . l 8 5 ) ( 2 . 0  -I- 1.469) = 0.12 I b / f t 2  (0.59 kg/m2) 

To ta l   we igh t   o f   a t tachmen t   c l i ps :  The combined  weight   for   the  three  sets  
o f   a t t a c h m e n t   c l i p s   i s  

Weight /un i t   area = 0.20 + 0.07 + 0.12 = 0.39 l b / f t 2  (1.91  kg/m2) 

Seal  design.-  Seals will be r e q u i r e d   f o r   t h e   p r i m e   s t r u c t u r a l   p a n e l   o n l y .  
The aluminum  panel will o p e r a t e   a t   l e s s   t h a n  room temperature so the  seal   design 
will be  based  upon t h e   r o o m - t e m p e r a t u r e   y i e l d   s t r e s s   o f  41 000 ps i   (282 000 
kN/m2). The s e a l   t h i c k n e s s   r e q u i r e d   t o   c a r r y  250 p s i  ( 1720 kN/m2) w i t h  a s a f e t y  
f a c t o r   o f  1.5 i s  0.067 in .  (0. 17 cm). The sea l   we igh t   pe r   un i t   a rea   f o r  a 
2-by 2 - f t  (0.61-by 0.61-111) panel i s  

Weight /un i t   area = (O.l)( 1.0) (48)   (0 .067) / (2)  ( 2 )  = 0.08 l b / f t 2   (0 .39   kg /m2)  

Incone l  718  support   panel . -  T h i s  s ing le - l aye r   pane l  will be s i z e d   f o r  a 
norma'l p r e s s u r e   o f  2000 ps f   (96  kN/m2).  Thermal s t resses  must be computed t o  
determine  the amount  by  which  these  stresses  reduce  the  load  capabi l i ty .  It i s  
assumed t h a t   t h e   H a s t e l l o y  X hot-surface  sheet  and  the  two  Inconel  718 face-  
p l a t e s   a r e   t h e  minimum-gauge th i ckness  of 0.010 in. (0.0254  cm). It is f u r t h e r  
assumed t h a t   t h e   s h i n g l e  will be h e l d   p e r f e c t l y   f l a t   b y   t h e   s p a c e r  beams, t h a t  
the   d i f fe rence  in   tempera ture   be tween  the   Incone l  718 sandwich  and  the  hot 
surface  approaches 4OO0F (222'K), and t h a t   t h e   H a s t e l l o y  X faceplate  reaches a 
y i e l d   s t r e s s   o f   3 6  000 ps i   (248 000 kN/m2).  Since  the  cross-section m e t a l  area 
o f   t h e   I n c o n e l  718 f a c e p l a t e s   i s   t w i c e   t h e   H a s t e l l o y  X area, t he   t he rma l   s t ress  
induced i n   t h e   I n c o n e l  718 p a n e l   i s  18 000 ps i   (124  000 kN/m2).  This  thermal 
s t r e s s  will be deducted  f rom  the  Inconel  718 y i e l d   s t r e s s  of 130 000 p s i  
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This is a  relatively  low  bending  moment,  and it falls in the  panel  design  range 
for  which  the  minimum  metal  gages  apply  for  the  webs  and  faceplates,  and only 
the  web  height  may  be  variable.  The  desired  section  modulus  is  obtained  with 
a  web  height of 0.086 in. (0.216 m);  the  weight  per unit area is 0.91 lb/ft2 
(4.44 .kg/m2). 

Inconel 71 8 spacer  beams. - The spacer  beam  dimensions  were gi ven  above, 
The weight  per uni t area was calculated  to  be 0.30 lb/ft2 ( I .47 kg/rn2). 
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APPENDIX G 

MATERIAL SELECTIONS 

The selection  of  appropriate  materials  for  the  component  elements  of  the 
design  concepts  is one  of  the most  important  aspects  of  the  panel  design. The 
mater.ials  chosen in this  study  were  the  result  of  different  analysis  stages  of 
the  program,  ranging  from  the  design  layout  studies  and  structural  analysis  to 
the  heat  transfer and manifold  analysis. The choices  of  operating  metal  tem- 
peratures,  nature and magnitude  of  applied  stresses,  fabricability  of  the 
optimum  design  configurations, and the  general  requirement  for  low  panel  weights 
were  d.irectly  related  to  the  material  selections. The maximum  metal  tempera- 
ture  selection  is  further  affected by  the  desire  to ( I )  extract  the maximum 
heat sink  capacity  from  the  hydrogen  fuel, (2) hold  the  differential  between 
maximum  metal  temperature and coolant  bulk  temperature  to a minimum, and ( 3 )  
avoid  oxidation  of  the  exposed  hot  surface.  Resistance  to  oxidation at elevated 
metal  surface  temperatures is an  important  design  requirement.  Since  protective 
coatings  with an extended  life  of 100 hr or  more  are  not  available  for  refrac- 
tory  metals,  refractory  alloys were not  considered  further  for  this  study. It 
was  concluded that superalloys  should be  used  only at temperature  levels that 
do  not  introduce  serious  oxidation  difficulties. 

Inconel 718 was  found  to  be  the  most  suitable  material  for  the  prime  panel 
structure in the composite-layer  design  of  concept 2 and for  I-beams. 
Hastelloy X or Inconel 625 are  the  best  materials  for  the  heat  exchanger and 
fins,  and  Waspaloy  is  preferred  for  the  single-layered  sandwich  panel  used in 
concept 1 .  For  the  concept 3 design, it has  been  determined that the  heat 
protected  shingles  should  be  made  from  Inconel 718 and Hastelloy X, the  load- 
bearing  panel  structures  from an aluminum alloy, and the  I-beams  from a titanium 
alloy. The nldterials and operating  tetnper'atures of each  of  the  design  concepts 
a re di scussed  bel ow. 

Concept 2 Materials and Operating  Temperatures 

The material properties  of  the  metallurgically  joined  heat  exchanger 
(either  fins  or  tubes)  have an important i nf 1 uence  on  the  panel  design. In 
particular,  the  desirability  of  conserving  coolant  dictates that the  hydrogen 
coolant  be  operated  at  the  highest  possible  outlet  temperature.  Since  the  heat 
exchanger  hot  surface  will  be at an even  higher  temperature than will the  out- 
let  coolant,  the  selection  of  heat  exchanger  material  is an important limiting 
factor  on  the  choice  of  the  outlet  coolant  temperature. The strength and 
oxidation  properties  of  the  material  chosen  impose a temperature  limitation  of 
approximately 2000'R ( I I IO'K) for  the  heat  exchanger. The high compressive 
loadings  along  with  hydrogen  pressure  containment  capability  for  the  heat 
exchanger  fins and hot  surface  sheet  demand a material  with  good  ductility and 
strength  properties  over  the  entire  temperature  range.  Another  important  con- 
sideration is  the  need  to form  the  material  into a compact  array  of  offset  fins. 
Haste1  loy X satisfies a1 1 these  requi  rements. It has good strength at 2000'R 
( I  I IO'K) and adequate  low-cycle-fatigue  performance  over  the  operating  range. 
It is a proven  material in terms of formabi i ity and brazeabi 1 ity. Limited data 
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on  material  properties  indicate that Inconel 625 offers  improved  performance, 
but experience  with  the  material is  less extensive  than  with  Hastelloy X. 
Although Waspaloy  also  indicates  good  fatigue  performance, it is  much more dif- 
ficult  to  form  into  fins, and its involved  heat  treatment  detracts  from  its 
applicability in the  composite  layer  panels.  For  the  same  reasons,  Hastelloy X 
also  was  chosen  for  the  manifold  and  seal  material. 

.The selection of prime  panel  material  is  based  largely  upon  material 
strength  properties,  although  fabricabi 1 i ty  is an important  consideration.  Since 
the  prime  panels  and  beams  constitute  approximately 70 percent  of  the  total 
weight,  the  requirement  for high outlet  coolant  temperature,  which  will  be 
virtually  identical  with  the  maximum  prime  structure  temperature,  must be bal- 
anced.against increased  structural  weight. The panel and I-beam  analyses 
demonstrated that Inconel 718 was  the  best  material  choice.  Waspaloy and 
Rene.41  were  close  contenders  from a weight  standpoint,  but  they  were  eliminated 
because of their  increased  fabrication  difficulties,  including  the  need  for 
more  involved  heat  treatment. The prime  panel  design  temperature of 1600'R 
(889'K) for  the  baseline  concept  evaluation  was  selected  as  an  effective  compro- 
mise  between  the  conflicting  demands of coolant  needs  and  structural  weight. 
It also is  very close  to  the  crossover  point  between  short-time  yield  stress 
and the 100-hr creep-rupture  stress.  Temperature  differences  between  the  prime 
panel  temperature and the  heat  exchanger  hot-sheet  temperature  roughly  coincide 
with  the  allowable  temperature  differences  based upon thermal  low-cycle-fatigue 
life. The material  choices for  the  heat  exchanger and the  prime panel, there- 
fore,  appear  to  be  compatible  for  their  respective  maximum  allowable  tempera- 
tures, and the  limitation  on  maximum  allowable AT imposed  by  the  thermal  fatigue 
considerations. 

The  beam  materials  evaluation also showed that Inconel 718 yielded  the 
lowest  weight  for  temperatures  between  about 900 to l2OO'F (500 to 666'K) and 
lhdt bem weiglrt wds relatively insensitive to temperatures up to 1600'F 
(889'K). Since  the  beam material contributes  most  of the total  panel  weight, 
there is a strong  incentive  to  operate  below  the  transition  temperature  between 
short-time and creep  properties.  Inconel  718  also  was  selected  for  the lmnifold 
piping. 

Concept I Materials  and  Operating  Temperatures 

l'here are  several  important  differences  between the single-layered  sand- 
wlch  panel  used in concept I and the  concept 2 structural  concept.  The  single- 
layered  panel is held flat by the I-beams  and  the  difference in temperature 
between  the  upper  and  lower  sheets  of the sandwich  produces  compressive  thermal 
stress in the  upper  sheet and tensile  stress in the  lower  sheet.  The  thermal 
stress and the  bending  stress  due  to  external  load  are  additive;  therefore, 
the  pressure  load  capability of the  panel  must  be  reduced to accommodate  the 
thermal  stress.  The a1 lowable  temperatures  across  the  panel  thickless  dimen- 
s ion  must  therefore  be  reduced  from  the 400' t o  600'k (222' eo 333'K) range 
used with the  panels  of  concept 2.  Reduced  differential  temperetures,  which 
are a natural by-product  of  lower  heat  fluxes,  confer the benefit that the  nlaxi- 
lnunl top-side  temperature wi I 1  be  much  closer  to  coolant  outlet  temperature; 
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t h i s   p e r m i t s  a h i g h e r  outlet  hydrogen   tempera tu re   f a r   t he  same maximum a l l owab le  
metal   temperature.  It was de te rm ined   tha t  a d i f f e r e n c e  o f  IOO'R (56'K) would 
be  reasonable. 

A rev iew G f  con lpa ra t   i ve   ma te r ia l   p roper t i es   i n   t he   range   f rom 1600'R 
(689'K) t o  1900'R (1060'K) i n d i c a t e d   t h a t  Waspaloy was t h e  most s u i t a b l e   m e t a l .  
Fc r   t h i s   des ign   concep t ,   i n   wh ich   t he   s ing le - l aye red   sandw ich   pe r fo rms   the  
s t r u i t t l r a l  and  heat  exchanger  funct ions,   the  stresses  due  to  the  combined  thermal 
and p ressu re   l oads   were   requ i red   t o  be l e s s   t h a n   t h e   y i e l d   s t r e n g t h   o f   t h e  
m a t e r i a l   ( a s  was the   case   f o r   t he   p r ime   pane l  o f  concept 2 ) .  I n   a d d i t i o n ,   t h e  
p o s s i b l e   u s e   o f   m e t a l   a t   t e m p e r a t u r e s  above l6OO'R (889'K) means tha t   c reep  
deformat ions  cannot  be  ignored. The y i e l d  and  c reep  s t rength  o f  Waspaloy in 
rhe   des i red   t empera tu re   range   were   de f i n i t e l y   super io r  t o  those of other  super-  
alloys. The remain ing components,  such as manifolds,  seals,  and I-beams, 
r e t a i n e d   t h e  same mater ia l   cho ices   as   used  fo r   concept  2. 

Concept 3 Mater ia ls   and  Operat ing  Temperatures 

The r e g e n e r a t i v e l y   c o o l e d   s h i n g l e   p o r t i o n  of the  concept 3 c o n f i g u r a t i o n  
(shown i n   f i g u r e  5) i s   v e r y   s i m i l a r   t o   t h e   c o m p o s i t e   p a n e l   u s e d   w i t h   c o n c e p t  2. 
The heat  exchanger  top  sheet and f i ns   were   Has te l l oy  X, t h e   m a n i f o l d i n g  was 
H a s t e l l o y  X, and the   s t ruc tu ra i   sandwich   backup  layer  was Incone l  718. The 
spacer beams and t h e   h o t   p i p e s   w e r e   s p e c i f i e d  t o  be  Inconel  718. 

The normal   pressure  forces will be  reac ted   by   the   p r imary   load-car ry ing  
s t r u c t u r e   t h a t   i s   l o c a t e d   b e l o w   t h e   s h i n g l e s .   T h i s  will c o n s i s t  o f  a sandwich 
p a n e l   c o n s t r u c t i o n  w i t h  a p ro tec t i ve   su r face   hea t   exchanger   s im i l a r   t o   concep t  2. 
The heat  exchanger will p r o t e c t   t h e   u n d e r l y i n g   p r i m e   p a n e l   s t r u c t u r e  and  I-beam 
ar ray   f rom  heat   inpu t   due  to   bypass   ho t -gas   leakage  and  conduct ion   th rough  the  
spacer beams. S ince   t he   coo lan t  will be  ducted  through  the  secondary  heat 
exchanger   p r i o r   t o   use   i n   t he   sh ing les ,   t he   secondary   hea t   exchanger  will be 
h e l d   t o  a low  temperature.   The  pr ime  panel   s t ructure and  I-beams will a l s o  
o p e r a t e   a t   t h i s   l o w   t e m p e r a t u r e ,   w h i c h  was es t ima ted   t o   be   app rox ima te l y  250'R 
(139'K), based  upon a 10-percent  heat  leak  around  the  shingle.   The  panel  
m a t e r i a l   a n a l y s i s  showed that   a luminum a l l oy  6061-TS was the   op t i num  cho ice  a t  
t h e   o p e r a t i n g   t e m p e r a t u r e   o f   t h e   p r i m e   p a n e l s .  Aluminum 6061-T6 i s   p r e f e r r e d  
t o   o t h e r ,  somewhat stronger,   a luminum a1 loys  such  as 2024-T6 o r  7075-T6 because 
of i t s   s u p e r i o r   d u c t i  1 i ty,  rveldabi 1 i ty ,  and  brazeabi 1 i ty. The m e t a l   l u r g i   c a l  l y  
bonded heat   exchanger   top  sheet ,   the  f ins ,   and  the  assoc iated  mani fo ld ing  and 
seals   were assumed t o  be made f m m  aluminum  6061-T6  also. The beam m a t e r i a l  
a n a l y s i s  showed t h a t   t i t a n i u m  5Al-2.5 Sn y i e l d s   t h e   l i g h t e s t  I - b e a m   s t r u c t u r e   a t  
a 250'R ( I39'K) o p e r a t i n g   t e m p e r a t u r e .   T h i s   p a r t i c u l a r   t i t a n i u m   a l l o y  was 
s e l e c t e d   o v e r   o t h e r s   b e c a u s e   o f   i t s   r e l a t i v e   e a s e  of hea t   t rea tmen t ,   i t s  
d u c t i l i t y ,   i t s   n o t c h e d   t e n s i l e   p r o p e r t i e s   a t   c r y o g e n i c   t e m p e r a t u r e ,  and i t s  
compara t ive   ease  o f   we ld ing .  
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TABLE I 
BASIC  PANEL  CONFIGURATIONS 

I 
~ ~ 

C o n f i g u r a t l o n  S t a t u s  

. 

Camnents 
+ 

D e s c r l p t i o n  S c h m a t l c  

. "~ ~ ~ 

I Heat  exchanger 

h p p l i c a b i l l  P r o g r m  

Heat  exchanger  and  prime 
s t ruc tu re   comb lned  

"- ~ , 

Heat  exchanger  and  prime 
s t r u c t u r e  combined, 

b y   I - b e m s  
a d d l t i o n a l l y   s u p p o r t e d  

Heat  exchanger  bonded 
t o   p r l m e   s t r u c t u r e  

~- 

. ~~ - 

. .~ "" .. 

Heat  exchanger  bonded 

a d d i t i o n a l l y   s u p p o r t e d  
t o   p r i m e   s t r u c t u r e ,  

by  I-beans 

L l m l t e d  Not 
r e t a i n e d  

Heav le r   than  pane l   suppor ted   w i th   I -beams 

L i m l t e d  Reta ined C o n f i g u r a t i o n  m05t u s e f u l   a t  l a r  f l u x  
and low normel  pressures.   Load-carry ing 
a b i l i t y   a f f e c t e d   b y   c r o s s - s e c t i o n  AT. 

. 
Not 
r e t a l n e d  

Broad 
p r o b l m  
range 

Broad 
problem 
range 

~ 

Heavier   than  panel   suppor ted  wi th   I -beams 

(2680 kN/m') 
f o r  normal  pressures less than 315 p s i  

~ 

P r i m   s t r u c t u r e  

I Heat  exchanger 
"~ 

1 Retained C o n f l g u r a t l o n  most   use fu l   fo r  norma! 
pressures > 7 p s i  ( 4 8  kN/m'). Heat 
exchanger   c ross   sec t l on  AT does not 
m a t e r i a l l y   a f f e c t   p a n e l   l o a d - c a r r y i n g  
a b i l i t y .   P r i m e   s t r u c t u r e   l i m i t e d   b y  
H z  b u l k   o u t l e t   t e m p e r a t u r e .  

C o n f i g u r a t i o n  mos t   use fu l   a t   h igh   f l ux ,  
h igh   no rma l   p ressu res .   P r ime   s t ruc tu re  
uncoupled  f rom H ,  b u l k   o u t l e t   t e m p e r a t u r e ,  
b u t  some s e c o n d a r y   c o o l i n g   w i t h   o r   w i t h o u t  

and   p r ime   s t ruc tu re .  
i n s u l a t i o n   i s  needed  between  heat  exchanger 

JrnI-l 
P r i m e   s t r u c t u r e  

" 

Heat  exchanger   mechanlca l ly  
a t t a c h e d   t o   p r i m e   s t r u c t u r e .  
add i   t i ona l l y   suppor ted   by  
I-beams ( r e g e n e r a t l v e l y  
c o o l e d   s h i n g l e )  

L i m i t e d  

TABLE 2 

DETAILED STRUCTURAL  CONFIGURATIONS 

- .  "7 
Comments 

-1 J S  
~~~ - __ S t  

A p p l i c a b i l i t y  
.. . 

Schematic Program 
~ 

D e s c r l p t i o n  
- 

j Heat  exchanger s t ruc tu re   comb ined  
and  prime 

L i m i   r e d  Reta ined Rectangular  sandwich 
core  

.. ~ ~ _ _  

Tubular   sandwich  core 

I-, P r i m e  
s t r u c t u r e  

P l a I n   p l a t e  

S t i f f e n e d   p l a t e  

web-core 
Sandwlch, r e c t a n g u l a r -  

-~ 

Reclangu la r -   and   t r i angu la r - f i n -co res   bo th  
s u i t a b l e .   T r i a n g u l a r   c o r e   n o t   r e t a i n e d .  

- _ _  

O f fe rs   good   me thod   fo r  H, pressure 
conta inment .  

B o t h   p l a i n   a n d   s r l f f e n e d   p l a t e   r e q u i r e  
weight   penal t ies  over   sandwich 
c o n f i g u r a t i o n s .  

Rectangular-web-core  re ta ined  for   eva lua-  
t i o n ,   t r i a n g u l a r - w e b - c o r e   n o t   r e t a i n e d .  
Hexcel   cores  not  considered. 

Use of   I -beams  al lows  mechanlcal  
attachment t o   p r i m e   s t r u c t u r e   t o  

expanslon. No o t h e r s  considered. 
accommodate p r ime   s t ruc tu re   t he rma l  

Not 
r e t a i n e d  

None 

L i m i t e d  

Not 
r e t a i n e d  

Broad 
problem 
range 

Reta ined 

B road 
problem 
range 

Reta ined I S u p p o r t   s t r u c t u r e  
I ( I-beams) 

~ 

! 
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TABLE 3 

PANEL FLOW ARRANGEMENTS 

C o n f i g u r a t i o n  
-. 

Status 

Descr ip t ion  Sc l temat ic  C m e n t s  Program Appl  icabi  1 i t y  

of  heat  exchanger 
F low  fo lded  in   depth   d imens ion  

S imple   fo ld  L i m i t e d  Not 
r e t a i n e d  

B e n e f i t s   l i m i t e d   t o   l o w   h e a t   f l u x  and 
by   c ross -sec t i on  AT; heav ie r   t han  

r e s u l t s   i n   s h o r t   f l o w   l e n g t 5 s .  
i n - p l a n e   f o l d i n g   c o n f i g u r a t i o n ;  

1 
S i m p l e   f o l d   w i t h   i n s u l a t i o n  
between f o l d s  

I 
None , Not  Causes g r e a t e r   c o o l a n t   p e n a l t y   t h a n  

I r e t a i n e d  ~ above. 

1 F o l d   w i t h   i n j e c t i o n  

F o l d   w i t h   i n j e c t i o n  and 
excess  co ld  H 2  

; L i m i t e d  O t  
-d I :etained ! 

I n j e c t i o n   s l o t s  tw nar row  to   be   genera l l y  
use fu l .   Fo r   bo th   con f i gu ra t i ons ,  
manufac tur ing   and  coo lan t   f la r   con t ro l  
present  ser ious  problems. 

Counter f low  in   ad jacent  
f l ow   pa ths   i n   w id th   d imens ion  1 o f   heat   exchanger  

' Fo lded   f l ow   L im i ted  ' Reta ined ; Lowest c w l a n t   p e n a l t y   a t   l o w   f l u x   a n d  

n .  ' o f   i n - D l a n e   t e m e r a t u r e   q r a d i e n t  normal 
l owest   c ross-sec t ion  AT. Disadvantages 

I i Independent  f low  streams 
to  f low,   complex  mani fo ld ing.   Rejected 

! a t   h igh   f l ux   becsuse   o f   sho r t   f l ow   l eng ths .  ~ 

I 
I 

Nonfo lded  f low 

Broad  Retained 1 S imp les t   con f i gu ra t i on  
prob I em 
range i 

M u l t i p l e   f l o w   r a t e s  i n  hea t   L im i ted  Not 
re ta ined  thermal   s t resses;   complex  mani fo ld ing  and 

Sawtooth   tenpera ture   p ro f i le   p roduced  h igh  I 
c o n t r o l s   r e q u i r e d .  

Mani fo ld ing  connect ions,  i 
f low  lengths  less than 
panel   length 

I 
I 

S i m i l a r   t e m p e r a t u r e   f l u i d s   L i m i t e d  
useful  aspect r a t i o .   E l i m i n a t e s  one h o t  
seal.  reduces number o f   ho t   man i fo lds  

D i s s i m i l a r   t e m p e r a t u r e   f l u i d s  None I Not   In-p lane  thermal   s t resses  prohib i t   use 
adjacent  

NOTE: R e s t r i c t i o n  Of 600°F (333'K) maximum c r o s s - s e c t i o n  A1 from  top  sheer L O  pr ime   s t ruc tu re   p laced  on a l l   f l ow   rou te   compar i sons .  



TABLE 4 

HEAT EXCHANGER GEOMETRIC CONFIGURATIONS 

. . . . . . . .  -. - r- 

I P i n  f i n s  

E x t e r n a l   i n s u l a t i u n  
, a d j a c e n t   t o   h o t  qas' 

. ......... 

C u m p o s i t e   f i n s  
( h i g h   c o n d u c l i v i t y   c l a d d i n g )  

- 

" " . . .  I .  

B r m d  

p r o b l e m  

ranqe 

B w a d  

p r o h l e m  

range 

" . . " - . - 
L i m i t e d  

L i m i t e d  

~.. "" 

. .  " ........ -. 

Re1 a i  ncd 
_ .  . 

" 

Ret a i  rlcd 

Not 
r e t a i n e d  

Not 
r e t a i n e d  

- " " 

R e t a i n e d  

. 

R e t a i n e d  

.- ........... _. .... .. 

TABLE 5 

SUMMARY OF CONCEPTS RETAINED FOR  CONCEPTS EVALUATION 

2c I same a s  

3 m e c h a n i c a l l y   a t t a c h e d  
Heat  exchanger 

t o  p r i m e   s t r u c t o r e  

s h i n g l e )  
' r e g e n e r a t i v e l y   c o o l e d  

- . - - - " " . . 
c o n f i q u r a l i o n  

S ~ r u c l u r a l  

" 

R e c l a n g u l a r - f i n -  
core,  I -beam 
s u p p o r t  
- ~~ " .- 

Same as I 

Rectangular-web-  
core,   I -beam 
s u p p o r t  

" 

. - . - -. - 

Same as 2 

. .- 

Same as 2 

. . . . . .  " " . - ...... 
Same as 2 

Rectangular-web-  
c o r e - ,  I -  beam 

exchanger   suppor t  
s u p p o r t .   h e a t  

S t r u c t u r e  

. . . . . . . .  - . " 

...... -. ........ 

Same as I 

. " ..... -. .... 

R e c t a n g u l a r   f i n s  

Same as 2 

R e c t a n g u l a r  f i n s ,  
e x t e r n a l  
i n s u l a t i o n  

. . - - " - . ". 

..... . 

T u b u l a r  

R e c t a n g u l a r -   f i n s  
p l u s   s e c o n d a r y  
c o o l i n g   b e t w e e n  
heat  exchange,. 
and  p l - ime 
s t r u c t u r e  

~ "_ ." 

"" __-- 
F l o w  f o l d e d   i n   w i d t h  
d i m e n s i o n  o f  h e a t  
exchanger  

N o n f o l d e d   ( s i n g l e   p a s s )  

.......... - .- . . .  " - 

Same a s  2b 

U n f o l d e d  s i n g l e  p a s s .  

c i r c u i t  
p l u s  secondol-v c u o l a n t  

i 
" ...... - .... - .. - . 
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TABLE 6 

SUMMARY TABLE FOR LOW LOAD-HEAT FLUX  DESIGN  POINT I: 

Length, temperature, 
Recovery 

Concept O R  f t  

2 

I n f i n i t e  5 

I n f i n i t e  3 I 

I n f i n i t e  

2 5000 

l a  2 5000 

- 

2 
2 I I n f i n i t e  

Length, 
m - 

0.61 

.91 

I .52 

.61 

0.61 

- 

0.61 

a. - U. S. CUSTOMARY UNITS 

f ins/in.;  height,  in.; 
F in   gemet   ry  

thickness, in.  

20R-0.075-0.003 

20R- .075-  .003 

2i)R- .075- .003 

15R- .075-  .003 

16R-0.075-0.003 

15~-n.o25-0.003 

b. - 
Recovery 

temperature,  fins/crn;  height, cm; 
F i n  geometry 

O K  thickness, cm 

I n f i n i t e  J.9R-0. 191-0.0076 

I n f i n i t e  7.9R- .191- ,0076 

I n f i n i t e  7.9R-  .191- .0076 

2780 5.9R-  ,191- .0076 

2780 5.5" 191-0.0076 

I n f i n i t e  5.9R-9.064-0.0076 

- _II I I i 

T i 7 r e  exchanger  Panel 

weight, weight 
I b / f t '  I b / f t '  

I .28 " 

I .28 " 

I .28 " 

I .23 " 1.22 I T 

1.1 

SI UNITS 

lxchangel 
Heat 

weight, 
kg/m2 

.. " ~~ 

6.25 

6.25 

6.25 

6.00 

5.95 

3.42 
. ~~ 

. - ~~- 
Prime 
panel 
weight 
kg/m2 
" 

" 

" 

" 

" 

". 

" 

~~ " 

4.40 

Beam 
weight, 
I b / f t '  

0.48 

.48 

.I48 

.48 

0.50 

0.44 

- "" 

-- 

-- 

. ~- - 

Beam 
ueight 
kg/m' 

2.34 

2.34 

2.34 

2.34 

2.44 

2. 15 

" 

_ _  
.. ~~ 

CONCEPT EVALUATION 

Manifold 
weight, 
l b / f t 2  

0.58 

.49 

.42 

.60 

0.60 

0.58 
. .  ~ 

~. 

Manifold 
weight, 
kg/m2 

2.83 

2.39 

2.05 

2.93 

2.93 

2.83 

"" 

". ~ 

.~ 

"~ 

" 

Sea I 
weight, 
I b / f t '  

0.07 

.06 

.05 

.OJ 

0.07 
~ 

~ 

0.06 
- 

" 

Sea I 
E igh t ,  
:g/rn' 

0.34 

.29 

. 2 4  

. 3 4  

0.34 

0.29 

" 

". - 

" . 

~ 

" - 

2.23 

~- 

- - 
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TABLE 7 

SUMMARY TABLE FOR INTERMEDIATE LOAD-HEAT  FLUX DESIGN  POINT- 2, 
CONCEPT EVALUAVPON 

. U. S. CUSTOMAI 

exchanger 

.93 

.86 

Y U N I  

Prime 
panel 
weight, 
Ib/ft' 

1.13 

1.13 

1.13 

I. I3 

rs - 
weight, 
Beam 

Ib/ft2 

3.19 

3.19 

3.19 

3.19 

a. 

Fin  geometry 
fins/in.;height,in. 

thickness, in. 

20R3.027-0.003 

30R-  .031-  .003 

20R- .027-  .006 

20R- -050- .004 

2OR-0.050-0.004 

20R-0.050-0.004 

0.050 OD by 
0.010 thickness 

20R0.028-0.003'' 

30R-  .032-  -003" 

- 

Length, 
ft 

2 

3 

2 

2 

- 

- 
Total 
weight, 
Ib/ft2 

6.03 

5.93 

6.24 

6.07 

- 
Sea 1 
weight 
Ib/ft2 

0.24 

.20 

.24 

.24 

Manifold 
weight, 
Ib/ftz 

Coolant 

Ib/sec-fl 
rate. 

0.0168 

.0468 

.0468 

.0395 

0.0375 

0.0328 

0.0468 
to 
.0556 

0.0468 

.0468 

temperature 
Recovery 

O R  

Infinite 

Inflnlte 

Inflnlte 

5000 

Concept 

2 

20 

2b , 
2c 

3 

0.75 

.63 

.75 

.65 

2 

2 

2 

- 
- 

- 
2 

3 

5000 

_t_ I. 63" 

3.19 

3.19 

3.  I9 

- 
I .97 

I .97 

1.13 

I. I3 

I. 13 

I .59 

I .59 

0.70 

0.60 

0.80 

0.80 

.68 

0.24 

0.24 

0.24 

0.06 

.05 

6.12 

6.79 

6.53 

5.52 

5.44 

5000 

Infinite 

Inflnite 

Infinlte IO 1 1.15 

Q 

(HI 
Fin  geometry  of primary heat exchanger 
Includes  Insulation  weight 

b. - SI UNITS 

exchanger 

kg/m2 kg/m' kgh' kg/mz  kg/m2  kg/m2 
height, height, height, weight, weight, weight, 
Total Seal Manifold Beam panel 

3.52 5.52 15.60 3.66 

33.18 1.17 3.93 15.60  5.52  7.96M 

29.91 1.17 3.42 15.60  5.52 4.20 

29.67  1.17 3.88 15.60  5.52  4.20 

30.49 I. I7 3.66 15.60 5.52  4.54 

28.99  .98  3.08 15.60 5.52  3.81 

29.47 1.17 

Heat Prime 
:oolant 
rate, 
:g/s-m2 

0.228 

.228 

.228 

. 193 
0.183 

0.160 

0.229 
to 
.272 

0.228 

.228 

Recovery 
fins/an;height,m; temperature, Length, 

Fin geometry 

thickness,cm OK m 

0.61 

7.9R-  .127- .0102 2780 .61 

7.9R-  .069-  .0152  Infinlte .61 

11.8R- .079-  .0076  Inflnite .91 

7.9R-0.069-0.0076  Inflnite 

0.61 2780 7.9R-0.  127-0.0102 

0.61 2780 7.9R-0.  127-0.0102 

:in k, 
W/m-OK 

17.3 

17.3 

I 73 

17.3 

17.3 

17.3 

- 

- 
- 

Concept 

2 

2a 

2b 

2c 

3 

I Infinite I_I 00 by 
0.0254  thickness 

Infinite 7.9R-0.071-0.0076 

Inflnite 11.8R- .OBI- .0076' 

17.3 

- 
17.3 

17.3 

5.71 1 5.52  115.60 I 3.91 1 1.17  131.91 
5.37 

5.61 

7.77  9.62  3.91 0.29  26.96 

7.17 I 9.62 1 3.32 1 .24  126.M 

'' 
,Fln geometry  of primary heat  exchanger 
Includes  Insulation  weight 
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TABLE 8 

SUMMARY TABLE FOR HIGH LOAD-HEAT FLUX  DESIGN  POINT, CONCEPT EVALUATION 

a. - U.S.  CUSTOMARY UNITS 

weight 
Sea I 

I b / f t '  

0.38 

.32 

.38 

.38 

0.38 

- 

- 

Total  
weight, 
I b / f t *  - 
9.68 

9.77 

9.92 

9.74 

9.86 
- 

Prlme 
exchanger 

Heat 

weight, 
I b / f t '  

0.84 

I .02 

I .08 

1-01 

temperature,  fins/in.; height,in; F i n  k, 
Recovery F in  geometry 

O R  thickness,in. atu/ft-hr-'R 

I n f i n i t e  40R-0.035-0.003 10 

I n f i n i t e  30R- .062- .004 I O  

I n f i n i t e  30R- .038- .006 I O 0  

5000 20R- .050-  .006 IO 

Coolant 

Ib/sec-ft' 
rate, 

0.0935 

.0935 

.0935 

.0758 

3,0745 

1.0630 

1.0935 
t o  

. I l l  

3.0935 

.0935 

:oncept f t  
Length, 

2 

2 3 

2 

2 2a 

2 

2 2c 

2 2b 

3 

3 

2 

1.08 5000 20R-0.062-0.006 IO 

5000 2OR-0.050-0.006 I O  1.72- 1.77 I 5.83 I 0.70 0.38 10.40 

I n f i n i t e  0.05 OD by I 0.010 thickness 
1.17 1.77 1 5.83 I 0.92 0.38 10.07 

I. 22 

1.41 

2.31 3.14  0.92 

2.31 1 3.14 I .89 

0.08 

.07 

7.67 

7.82 

*Fin geometry o f  prime  heat exchanger 
M 

Includes  insulat ion  weight 

b. - S I   U N I T S  

Recovery 1 I I Hea; I Prime 

erature,  fins/m;height,m; ~i,, k, wei ht, weight, 
t" F i n  geometry exchanger pane 1 

OK thickness, m w/,,,-OK kg/m k g h '  
weight,  weight,  weight, weight, rate, 

Beam Manifold Seal Total Coolant 

kg/m'  kg/m2  kg/m' k g h '  kg/s-m' 

28.50  4.20 1.86, 47.32 0.4% 

28.50  4.05  1.56  47.74 .45b 

28.50  4.20  1.86  48.49 ,456 

28.50  3.66  1.86  47.60 .371 

28.50  3.91  1.86 48-20 0.364 

28.50 3.42  1.86  50.83 0.308 

Length, 

.61 

I n f i n i t e  15.8R-0.089-0.0076  17.3 4.11  8.65 

I n f i n i t e  11.8R- .158-  .0102 17.3 4.98  8.65 

I n f i n i t e  II.8R- -097- .0152  173 5.28  8.65 

2780 7.9R-  .127-  .0152 17.3 4.93  8.65 

2a I 0.61 

I I I I ::43 

I n f i n i t e  15.8R-0.094-0.0076* 

I n f i n i t e  I1.8R- .170- .0102* 

H 
*Fin  geanetry  of  primary  heat exchanger 

Includes  insulat ion  weight 
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TABLE 9 

COOLANT EFFIC IENCY FACTOR 

E f f i c i e n c y   f a c t o r ,  

1 q/A , 1 O R  'i; O K  1 
B t u / s e c - f t 2  kW/m2 pass 

S i n g l e  

~~ 

7000  3890 

0.47 1670 3000 

0.83 
~ ~~ 

250 

0.86  3890 7000 5680 500 

0.89 3890 7000 2840 

0.86 

TABLE I O  

HEAT EXCHANGER  MANUFACTURING AND H A N D L I N G   L I M I T A T I O N S  

Govern ing  A f f e c t e d  

Component 

F i n   t h i c k n e s s  Eros i o n   o f  Heat t r a n s f e r  

parameter  c o n d i t i o n  

f i n  pa ren t   me ta l  
by   b raze  
f i l l e r   a l l o y  

C o l l a p s e   o f  F i n   h e i g h t ,  
f i n s  due t o  f i n  dens i ty, 
b r a z e   f i x t u r e  f i n   t h i c k n e s s  
1 oads 

" - 

-. 

Form i ng 

p r o p e r t i e s  
m a t e r i a l  

and   t h i ckness  t o o l s   a n d  
F i n   d e n s i t y  

Heat  exchanger  Thickness Handl ing, 
sur face   sheet  p a r t i c l e  

damage, 
f a b r i c a t   i o n  

Coo lan t  Handl   ing Wa 1 1 t h i c k n e s s  
man i f o l  d 
p i  pes 

L i m i   t a t   i o n  

Min imum  th ickness:  
Supera 1 1 oy: 0.003 

in. t0.0076 cm] Aluminum: 0.004 in. 0.0102 cm 

Minimum 
c o l l a p s i n g   l o a d  
o f  5 p s i  (35 kN/m2) a t  
2 I OO°F ( I 42O0Ko) f o r  
supera l  loys 

40 t o  IO f i n s / i n . (  15.8 t o  3.9 f ins/cm),  
0.003 t o  0.010 in.(0.0076 t o  0.0254 c m ) f i n  
t h i c k n e s s e s  

Minimum t h i c k n e s s :  

Supera l l oy :  0.010 
i n .  10.0254 cm] Aluminum: 0.016 i n .  0.0406 cm 

Min imum  th ickness:  
0.030 in. (0.076 cm) 
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TABLE I I 

DESIGN INPUTS 

Inputs i Concept I 
I 

Material  choices 

Heat exchanger Waspaloy 

Prime  panel Waspaloy 

Beams 

Coolant  conditions 

Hydrogen pressures, ps i  (kN/m*) 

In le t   t o   man i fo ld .  (maximum; 

Outlet  from  manifold (minimum) 

Hydrcgen bulk  temperature, O R  

I n l e t  

Out l e t  - 
Metal  temperatures, OF (OK) 

.~ 

Heat exchanger surface  temperature 

In le t   ( re fe rence  on ly  

Out let  

Inconel 718 

500 (3450) 
250 ( 1720) 

100 (56) 
1760 (978) 

" "" " 

200 ( I l l )  

I860 ( 1030) 

Beam  maximum temperature 1600 (889) - - - - - - . . - - 
ratlcl size, f t  (rn\ 

Width 2 (0.61) 

Length 2, 3, and  5 
(0.61, 0.91 , 

and I .52) -. . - 
Stress-rupture  l i fe,  hr IO0 

Fatigue l i f e  

." 

- 

Thermal fa t igue temperature 

heat  exchanger height, O R  (OK: 
d i  i I erent i a 1 across 

Not a fac to r  

I cyc les   t o   f a i l u re  I Not a fac to r  

Concept  2 

Haste I lay X 

Inconel 718 

Inconel 718 
~ . .  

IO00 ( 6890) 

250 ( 1720) 

100 (56) 
1600 (889) . "__I_ 

500 (278, 

2000 ( I  I lo; 
1600 ( 8 8 9 )  

2 (0.61 1 

2 and 3 
(0.61 and  0.91 

"- 
IO0 

400 t o  600 
(222 t o  333 

300 

Concept 3 
(a) 

Hastelloy X 

Inconel 718 

nconel 718 

000 16890 

250 f 1720 

100 (56, 

1600 (889 

500 '278, 

2000 ' I l l 0  

1600 (889. 

i 
' 2 2 2  t o  3331 ' 
LOO t 3  600 i 

300 
I -. . . . . 

(a)  Inputs below  generally  refer t o  the  cooled  shingle  portion;  the  cooled  pressure-carrying 
s t ruc tu re  has an aluminum composite  panel and t i tan ium beams operating  at a  maximum 
temperature o f  250°R < 139'K). 
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TABLE 12 

Lenglh. 
f t  

2 .  
2 
2 
2 

2 

2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 

2 

2 
2 

2 

2 
2 
2 

2 
2 
2 

2 
2 

2 

2 
2 
2 
2 
2 

2 

2 

2 
2 

2 
2 
2 

2 
2 

2 

2 

- 

- 

- 

- 

MINIMUM  WEIGHT CONCEPT I PANEL  WEIGHTS  FOR  SELECTED  HEATING, 
LOADING,  AND  COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

a.-U.S. CUSTOMARY U N I T S  

Fln 
h. 

Itulhr- p. 
1 1 - O R  p,l 

10 

20 10 

20 I O  

20 I O  

20 I O  

20 I O  

20 I O  

6.95 I O  

6.95 10 

6.95 I O  

6.95 10 
6.95 10 

6.95 10 
b.95 10 

b.95 10 

6.95 10 
6.95 10 

6.95 10 
6.95 10 

6.95 

10 50 

10 20 

10 50 

10 50 
10 50 

10 50 

10 50 

10 M 
10 50 

10 50 

10 50 

10 50 

10 50 

10 50 

I O  100 

10 100 

10 100 

10 1 0 0  

10 I00 

10 1 0 0  

10 100 

10 100 

10 1 0 0  

10 100 

10 1 0 0  

10 1 0 0  

10 1 0 0  

- 

:0 
OR 

I 4 0 0  

1600 

1760 
I POG 
I400 

I 600 
I760 

1900 

I 4 0 0  

1600 

I 760 

1900 

- 

", 
I400 

1000 

I760 

I900 

1000 

1600 

l L 0 0  

I600 
I760 
I 9W 

1400 

I bo0 

I760 

19W 

1400 

I600 

I760 
1904 

ItCQ 

I 4 0 0  

I b W  
I760 

1500 

1400 

IbOO 
I760 

I900 

I4M 

1001 

1161 

19oi 

100 

- 

- 

lulscc- 
q/A * 
f t 2  - 
10 

10 

10 

25 
10 

25 

25 
25 

50 

50 

M 
50 

1 0 0  

10 

10 

I O  

I O  

25 
x) 

I00 

10 

10 

10 
10 

25 
25 

25 

25 

50 

50 

50 

50 

- 

- 

1 0 0  - 
10 

10 

I O  

10 

25 
25 

25 

25 
M 
50 

50 

50 

I00 

Z O R  - 0.075 - 0.003 
20R - .075 - .MU 
20R - .075 - .003 
ZOR - .075 - .W3 

ZOR - .075 - .003 
20R - .050 - .(ID 
20R - .075 - .003 
JOR - .075 - .OOJ 
ZOR - .050 - .003 
20R - .025 - .003 
4 O R  - .050 - .003 
&OR - .050 - .003 
Z O R  - .025 - .003 
ZOR - 0.100 - 0.003 

ZOR - . I25 - .W3 

ZOR - .I00 - .W3 

2011 - . I25 - .Om 

JOR - .075 - .MU 
20R - .I00 - . .003 

40R - .O25 - .003 
2OR - 0.150 - 0.003 
20R - .I50 - .003 
ZOR - .I50 - .003 

20a - .15o - .om 
ZOR - . I50  - .003 

30R - . I25 - .MU 
30R . I50  - .MU 
6OR - .I50 - .W3 

6 O R  - .I50 - .003 
40R - .I50 - .003 

4OR - .I50 - .003 

noa - .ISO - .w3 

40R - .075 - .003 

20R - 0.150 - 0.003 
?OR - .I50 - .003 

30R - .I50 - .W3 

30R - .I50 - .003 
30R - .I50 - .003 
roa - .I50 - .003 

AOR - .I50 - .003 
4OR - .I50 - .003 

" 

-. 

LOR - .I50 - .003 100.4 
40R - .I50 - .W3 3W.4 

LOR - . I50  - .COS 300.4 

LOR - .I50 - .003 500.4 

40R - .075 - .003 M2.1 

m. I 
m. I 
m. I 
m. I 
m.2 

300.2 

300.4 

301.J 
m . 9  

304.8 

301.9 

301.9 

321.4 

300.0 

MO.0 
100.0 
MO.0 
300. I 
300.6 
331.2 

300.0 

349.0 

MO.0 

m.0 

m. I 
300. I 
m. I 
300.2 

300.2 

300.4 
m.4 

wo.4 

SOZ. I 

m.0 
3 W . O  

m.0 
300.0 

s o .  I 
: 10.2 

300.2 

m . 2  

- 

- 

- 

'F AT. O F  I b l f t '  

I250 1.27 

1404 1.27 

1210 270 1.27 
I540 1 0 0  1.27 

I S 8  218 1.20 

1544" 244 1.27 

1598" 158 1.36 

1329 389 1.20 

I390 250 1.14 

I505 205 1.33 

1639") 199 1.33 

1425 285 1-14 
1068 128 1.33 

1266 126 1.39 

1412 112 1.33 

1553") I13 1.39 

I420 280 1 - 3 3  

14% 316 1.36 

1080 140 1-46 

1380 240 1.20 

1272 132 1-66 

1423 I 
123  1-46 

1557' ' 117 1.46 

1270 3% 1.46 

1330 I90 1.5b 

1486 106 1.65 
1%") 126 1.84 

I333 393 l .b5 
1605 265 1.86 

1555(') 255 1.U 

1686(1) 246 1.84 

1%") 420 1.66 

I080 140 1.Ab 

1272 I32 1.16 
1376 76 1.65 

I512 72 1.b) 

11% 210 1.65 

1280 I60 1 -84  

1431 131 1.84 

1%"' I26 1.84 

1222 282 1.84 

1405 265 1.84 

1555(') 255 1.84 

1686") 266 1.84 
1%") 420 ,1.46 

Besn 
*I.  

I b l f l '  

0.46 

.4b 

.50 

.55 

A 8  

.Y 

.57 

.57 

.u 

.59 

.57 

.a 

.61 
1-06 
I .02 

1.14 

1.21 
1.15 

1.24 

- 

- 

1.Lz 
!.I4 

!.I3 

!.29 

!.52 

2.23 
2.24 

2.30 
2.51 
2.24 

2.24 

2.49 

2.80 

2.85 

3.81 
3.79 

- 

1.91 

4.32 

3.82 

3.74 

1.05 

3.82 
6.46 

3.98 

4.4& 

5.01 
5.00 - 

C l i p  
*I, 

l b l f i '  

0.18 

. I8  

.22 

.20 

.28 

3 2  

.25 

2.2 
.26 

3 5  
.32 
.42 

3 8  
1.28 

.25 

.33 

.40 

.Y 
A 2  

).I8 
.58 

3 8  
.48 

.57 

A 2  

.A3 

.52 

.59 

A 4  

.43 

.59 

.81 

.86 

1.56 

.56 

.58 

.57 

.8I  

- 

- 

- 

- 

.n 

.b7 

.88 

.59 

.64 

.86 
1.19 

1.27 

0.58 

.58 

.58 

.bO 

.59 

.59 

.59 

.a 

.69 

.69 

.69 

.70 

.72 

b. 58 

.58 

.58 

.60 

.59 

.69 

.70 
0.58 

.58 

.58 

.60 

.59 

.59 

.59 

.a . b9 . b9 

. b9 

.72 

.70 
0.50 

. I 8  

.58 

.60 

.59 

.59 

.59 

.64 

. b9 . b9 . b9 

.72 

.70 

- 

- 

- 

- 

S a l  

Ib l f t '  
*I, 

L W  
.c4 
.07 
.07 

.ob 

.W 

.07 

.07 

.a 

.c4 

.07 

.07 

.c4 
L I O  

.IO 

.I I 

.12 

. I O  

.IO 

. I O  
1. lb 
. I6 

.I7 

. I 9  

.I6 

.I6 

. I 7  

. I 9  . I6 

.I6 

. I 7  

. I9  

.I6 

.23 

.23 

.21 

.26 

.23 

.23 . 

.24 

.26 

.23 

.23 

.24 

.26 

- 

- 

- 

- 

.23 - 

- 

Total 
*I. 

l b l f t '  

2.55 

2.55 

2.64 
2.77 

2.60 

2.62 

2.82 

2.96 

2.74 

2 . u  
2.98 

3.17 

2.89 

3.35 

3.Y 
3.49 

3.12 
3.51 

3.81 

4.00 

4.71 

4.72 

4.90 

S.3A 

&.ab 

4.90 

5.31 

5.77 
5. I8  

5.36 

- 

- 

- 

5.71) 

b.36 

6.03 
6.64 

6.62 

6.98 

7.64 

b . U  

b.94 

7.36 

8.08 

7.17 

7.38 

8.07 
9.02 
8.74 

- 

- 

- 
HrjWlU 

I b l w c -  
rate. 

f t' - 
Lo02175 

.W107 

.Dol69 

.00157 

.mn4 

.ma 

. a 2 2 5  

.00391 

.OIO075 

.m35  

.WU5 

.W7825 

.0187 - 

.00187 

.WZ I75 

.W1b9 

.w157 

. c a b 8  

, m 3 5  
.0187 - 
.002175 

,00187 

.00lb9 

,00157 

. W n &  

.oo(b8 

.001225 

.w)39I 

.010875 

. m 3 5  

.we45 

.007a25 

.0187 

.W2175 

.00187 

.w1b9 

.00157 

- 

.con& 

.00168 

. a 2 2 5  

. a 9 1  

.01087! 

.oop35 

.we45 

.00782! 

.0187 
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TABLE 1 2 .  Continued 

- 

Length 
I t  

5 

5 

5 

5 

5 
5 

5 
5 

5 

5 

5 

5 

5 
5 

5 
5 
5 
5 
5 
5 

5 
5 

5 
5 

5 

2 

2 

5 
5 
2 

2 

2 

2 

" 

- 

- 

- 

- 

MINIMUM  WEIGHT CONCEPT I PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING, AND COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

a * -  U.S. CUSTOMARY UNITS 

- 
F i n  

h, 
Btulhr- 
i t -% 

10 

IO 
10 

10 

10 

IO 
10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

I O  

10 

IO0 

I00 

100 

1 0 0  

1 0 0  

I00 

I00 

IO0 

- 

- 

- 

- 

PI  
psi 

b.  95 

6.95 
6.95 

6.95 

b.95 
b.95 

0.95 
50 

50 

50 

50 

50 

50 

50 

50 

50 
I00 

100 

I00 

I oc 

- 

- 

- 

103 

IO0 

1 0 0  

100 

I00 

b.95 
6.95 

6.95 

6.95 
20 

50 

1 0 0  

I O 0  

- 

- 

r ,  
5; - 
140 

160 

17b 
1 9 0  

I 60 

I60 

1 6 0  

' 4  00 
u ) O  

900 

400 

600 

900 
4 0 0  

bw 
Po0 

4 0 0  

600 

900 
4 00 

6W 

900 
400 

000 
9 w  

600 

600 

600 

600 

600 

600 
600 

bo0 

- 

- 

- 

- 

I 

" 

0 

0 

0 

0 

0 

0 

0 - 

" 

" 

- 

atu/rec- 
Q/A. 

f t2  - 
10 

10 

10 

10 

25 

50 

1 0 0  

10 

10 

10 

25 

25 

25 

50 

50 

- 

Fin 
g e a t r y  

N. h f i n l   ' f i n  
f i n d i n .  in. in. 

20R - 0.050 - 0.003 

2MI - .075 - .003 

20R - .075 - .003 

20R - ,075 - .003 

-" 

20R - .os0 - .003 
ZOR - ,035 - .003 

ZOR - 0.150 - 0.003 

20R - .os0 - .w3 

2MI - .I50 - .003 
20R - . I50 - .003 
2oR - . I50  - .003 
30R - ,150 - .003 
LOR - .I50 - .003 
ZOR - . I50 - .003 
4oR - .loo - .003 

50 & M I  - .I50 - .w3 
10 I 20R - 0.150 - 0.W3 

10 

10 

ZOR - . I50  - .003 
40R - ,150 - .003 

25 20R - . I50 - .CO3 

25 30R - . I S  - .oQ) 
25 LOR - ,150 - .W3 

50 3oR - . I50 - .003 

5c 4oil - .I50 - .003 
50 bOR - . I50  - .003 
10 1 ZOR - 0.075 - 0 . W  

100 ZOR - .025 - .Wb 
10 20R - .050 - .W 

100 ZOR - .OS0 - .00b 
10 ZOR - . I 25  - .OW 
10 ZOR - . I50 - .OW 
10 20R - .I50 - .OM 

NOTES: (I) H a x i m  surface tePverature exceeds stated 2WO'R (1510'F) 
nuxinvr   a l larable .  The concept I design  procedure was 
based on a maxi- f in   he ight  of 0.150 in. for fabrlcat ion 
reasons. permitting  surface t a p c r a t v r e r   t o  exceed 2M)OOR. 

(2) I n f i n i t e  recovery te-eratwc 

(3) Tm-foot panel  width 

PCI- Tolrw-Tco' Tmwv 
Pane I 

psi. 

1.20 92 1032 500.9 

l b l f t :  CT. OF OF 

m . 4  

1.27 94 500.L 
1.27 98 I398 300.4 

1.27 102 1242 

302.7 8.20 180 1320 

331.2 

344.5 
1.1b 155 1295 

1.65 182 1322 m.1 
1.46 288 1228 D . 3  
1.46 I17 1 5 H ( ' :  500.1 
1.46 129 I269 300.1 

I.1b 134 1074 300.1 

1.20 215 1355 

3001.1 1.84 I22 1 5 6 2 ( "  
500.9 1 . 1 1  181 I 4 2 1  

M 4 . 2  1.59 210 13% 

X2.3 

1.65 182 1322 553.7 

1.46 288 1228 D. J 

I.% 51 1491 300.1 

1.46 129  1269 m.1 
1.46 I34 1071 500.1 
1 . 8 4  226 1666(': 

3 0 1 . 1  1 . 8 4  122 1%2(': 

201.4 

2.23 I31 1359 -2.0 

2.01 63 1203 x10.0 

2.01 63 1203 m . 0  

1.88 62 1202 300.0 

1.46 137 I277 359.6 

1.4b 53 I193 501.2 

1.33 168 1308 336.6 

1.26 61 1201 m.1 

1 . 8 4  226 1 6 w ( "  202.3 
1.84 239  1379 302.L 

1.65 332 1272 

Bean 
HI, 

I b l f I '  
" 

0.l.r 

.bb 

.so 

.55 

. S I  

.53 

.52 
2. I3 

2. I3  

2.54  

2.20 

2. I1 

2.5C 
2.32 

2.35 
2.75 
3.78 
3.78 
4.12 

3.92 

3.82 
1.1b 

3.93 
3.92 
4.90 

0.Lb 

.58 

. h e  

.so 
1.01 

2. IO 

3.74 
4.13 

- 

- 

.__ 

- 

C l i p  

l b l f t . '  
*I. 

0.21 

. I 8  

.22 

.28 

.23 
.2b 
.24 

- 

__ 
0.37 

.38 

.bl 

.I I 

.3c 

.60 

. b 8  

. I 9  

0. M 
.78 

.56 

.75 

- 

Mar. i fo 
w t .  

I b l f  1' 

0.42 

.42  

.12 

.13 

.53 

. bI 

.62 

0 . 4 2  

. 4 2  

.43 

.53 

. s3 

.55 

.b I  

.bI 

.62 

0.42 

.42 

.43 

- 

- 

- 

1.15 .62 

0.18 0.58 
.Y .70 

.L2  

.22 .62 

.21 .58 

.37 .58 

.% .5B 

.75 .10 

Seal 

I b l f t '  
ut, * I ,  

Total 

I b l l t '  

1 . 0 6  2.35 

.Or 2.37 

.Or 2.15 

.05 

6.37 1.15 

6.1 I . I 2  
5.15 . I 1  

b.98 .I1 

5.61 . I2  

4.82 .I1 

4.71 .I1 

5.15 . I 2  

4.30 . I 1  

4.69 1.11 

2.62 .Or 
2.60 .oL 
2.51 .Or 
2.58 

. I 6  

.I5 
7.31 . I7  
6 .38  

b.0' 

. I 7  7.90 

.I6 0.73 

. I 5  6.9b 

. I6  7.15 
. I 1  8.68 

.M 2.54 

.m 3.01 

.a 2.dl 

.Ob 

8.02 .23 

1.10 .23 

5.22 . l b  

3.81 . I O  
2.81 

Hydrogo" 

Iblsec- 
rate.  

f I' 

L002175 
.00187 

.00169 

.00157 

.00168 

.0w35 

.01e7 
3.002175 

.00187 

.00157 

. O O Y b  

. m b 8  

.0039 I 

.OIO875 

.007825 

.OOPS5 

).002175 
.00187 
.OD157 
.x<-. 
. JLLJS 

. OOJY I 

.010815 

.00935 

.007825 
).00187 

.0187 

.00187 

.01e7 

.00181 

.001111 

.00187 

.0181 

" 
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TABLE 12. Continued 

englh, 
cm 

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

- 

- 
0.61 

.61 

.61 

.61 

.61 

.61 

.61 

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

- 

- 

- 

n k. 
' W O K  - 
17.3 

17.3 

17.3 

17.3 

17.3 

11.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.5 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17 .3  

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

- 

- 

- 

- 

MINIMUM  WEIGHT CONCEPT I PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING, AND COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

b.- S I   U N I T S  

P. 
f/m ' 
48 

48 

48 

48 

48 

68 

48 

68 

48 

68 

48 

48 

48 

I38 

I38 

I38 

I38 

I38 

I38 

I38 

365 

34s  

345 

345 

365 

345 

365 

365 

365  

365  

365 

345 

345  

689 

689 

689 

689  

689  

689  

689 

689 

689  

689 

689 

689 

689  

- 

- 

- 

- 

- 

T.  
O K  

778 

889  

889  

060 

778 

889 

978 

060 

778 

889 

978 

060 

889 

778 

889 

978 

1060 

889 

889 

889 

778 

889 

978 

iota 

778 

889 

978 

1060 

778 

889 

978 

IO60 

889 

778 

889 

978 

1060 

778 

889 

978 

I060 

778 

889 

978 

I O N  

889 

- 

- 

- 

- 

- 

W l m  

I I 4  

I I 4  

I I4 

I I 4  

284 

284 

286 

284 

568 

568 

568 

568 

I 40 

I I 4  

I14 

I14 

I I6 

286 

558 

I140 

I I 6  

I I 4  

I I 6  

I16 

284 

284 

284 

284 

568 

568 

568 

568 

I140 

I I 6  

I I 6  

I I 6  

I I 6  

286 

286 

286 

286 

568 

568 

558 

568 

I I 4 0  

P I A ;  

- 

- 

- 

- 

- 

7.9R - 0 . 1 9 1  -0 .0076  

7.9R - . I 9 1  - . 0076  

7.9R - . I 9 1  - .0076 

7.917 - . 191 - . 0076  

7.9R - . I 9 1  - . 0076  

7.9R - . 127 - . 0076  

7.9R - . I 9 1  - . 0076  

I I . 8 R  - . I 9 1  - . 0076  

7.9R - . I 2 7  - .0076 

7.9R - .066  - .0076 

15.8R - . I 2 7  - . 0076  

15.8R - . I 2 7  - . 0076  

7.8R - .Ob6 - . 0076  

2069 

2069 

2069 

2069 

2070 

207 I 

2070 

2070 

2074 

2101 

208 I 

208 I 

22 16 

7.9R -0 .254  -0 .0076  

7.9R - .SI8 - . 0076  

7.9R - . 256  - . 0076  

7.9R - .S I8  - . 0076  

7.9R - .254 - . 0076  

II.8R - . I 9 1  - . 0076  

15.8R - .064 - . 0076  

2068 

2068 

2068 

2068 

2069 

2072 

2283 
~ 

7.9R -0.381 -0 .0076  

7.9R - .381 - . 0076  

7.9R - .381 - . 0076  

7.9R - .381 - . 0076  

7.9R - .38l - . 0076  

11.8R - .SI8 - .0076 

I I .8R - .38I - . 0076  

15.8R - . 3 8 l  - . 0076  

11.8R - .381 - . 0076  

I5.8R - .381 - . 0076  

15;BR - .381 - . 0076  

15.8R - . % I  - . 0076  

I5.8R - . I 9 1  - . 0076  

2068 

2068 

2068 

2068 

2069 

2069 

2069 

2070 

2070 

207 I 

2071 

207 1 

2083 

7.9R -0.381 -0.0076 

7.9R - .381 - .0076 

11.8R - . S a l ' -  . 0076  

I1.8R - .%I - . 0076  

I I .8R - .Sa l  - . 0076  

I5.8R - .381 - . 0076  

I5.8R - .381 - .0076 

15.8R - .SEI  - . 0076  

I5.8R - .381 - .0076 

I5.8R - .SEI - .0076 

I5.8R - .381 - . 0076  

I5.8R - .SEI - . 0076  

I5.8R - . I 9 1  - , 0076  

2068 

2068 

2068 

2068 

2069 

2070 

2070 

2070 

207 I 

2071 

2071 

207 I 
2083 

864 

121 I010 

Is0 928 

56 1112 

58  1036 

61 950  

66 

IIIJ(1) 

1 1 4 4 ( ' )  

135 

80 

994 

158 I067 

I l l  1167(') 

114 1092 

I 3 9  I028 

216 

869 

I33 1022 

176  1065 

1 5 6  1065 

6 3  1119(') 

62   I060 

70 959 

71 

8 %  

68 I 0 6 6  

7 3   9 6 2  

78  

1 1 2 1 ( ' )  65 

961 

162 I l 2 0 (  ') 
147 1036 

218  996 

70  I126(') 

103 1081 

106 995  

183 

1193(')  137 

1123' " 236 

Panel 

kglm' 

6 .20  

6 .20  

6 . 2 0  

6 .20  

6 . 2 0  

5.87 

6 .20  

6.64 

5 . 8 6  

5.56 

6 .69  

6 .49  

5 . 5 6  

6 . 6 9  

6 .78  

6 . 4 9  

6 .78  

6 .69  

6.66 

5.86 

7 .13  

7 .13  

7 .13  

7. I3 

7. I3 

7.61 

8.06 

8.98 

8.06 

8.98 

9.98 

8.98 

7.12 

7. I3 

7. I3 

8.06 

8.06 
8.06 

8.98 
8.98 

8.98 

8.98 

8.98 

8.98 

8 .98  

* 
- 

- 

- 

- 

- 7. la 

3eam 
ut. 
q/m' - 
2.24 

2.26 

2.46 

2.68 

2.34 

2.54 

2.78 

2.78 

2.59 

2.88 

2.78 

3.08 

2.98 

5. 17 

4.98 

5.56 

5.90 

5.61 

6.05 

6 .93  

10.64 

10.39 

I I .  I 9  

12.30 

10.89 

10.96 

11.62 

12.26 

10.96 

10.96 

12.16 

13.67 

13.91 

18.60 

10.50 

19.20 

21.05 
18.65 

18.25 
19.78 

21.78 

18.65 

19.62 

21-68 

24.66 

N .80  

- 

- 

- 

- 

:I ip ut, 
kg/m' 

0.88 

.88 

I .07  

I .37  

.97  

1.22 

1 . 5 6  

1 . 5 6  

I .27 

1.71 

1 . 5 6  

2.05 

1.85 

1.37 

1.22 

1.61 

1.95 

1.66 

2.05 

2.83 

1.86 

1.86 

2.36 

2.78 

2.05 

2.10 

2.56 

2.88 

2.15 

2.10 

2.88 

3.96 

4.20 

2.74 

2.74 

2.83 

3 .95  

2 .78  

2.64 

- 

- 

- 

- 

a. 27 

4. SO 

2.88 

3. I2 
4.20 

5.81 

6.20 - 

2.83 

16.1 . 2 9   3 . 6 2  

15.5 .36 3.52 

14.5 .36 3 .37  

13.8 .29  3.37 

13.4 .29  3 .37  

14.5 -34  3.13 

13.8 .34 2.88 

12.8 .29  2.88 

12.7 .29  2.88 

13.5 .36 2.93 

12.9 .36  2 .83 

12.4 . 2 9  2.83 

12.4  0.29 

2.83 

2.83 

16.6  0.69 

19.5 .49  3.42 

18.6 .69   3 .37  

17.1 .69  2.88 

18.2 . 5 9  2.93 

17.0 .56  2 .83 

16.3 .69 

2.83 0 .78  23.0 

2.83  .78  23.0 

2.83 .83 26.3 

2.92  .93 

.78  2 .88 

26.1 

23.7 . 
2.88  .78  26.3 

2.88 .83 25.9 

3. I3 . 9 3  28.2 

3.37  .78 25.3 
3.37  .78 26 .2  

3.37 .83 28.2 

3.52 

3 .42  

SI .1  .9S 

29.4 .78 

2.83  1.12  32.4 

2.83 

3 5 . 9  1 . 1 2  2.88 
53.5 1.12 2.88 
37 .3  1.27 2.93 
54.1 1 .17   2 .03  

52.5 1.12 

2.88 

36.0 .I.I2 3.37 

3 5 . 0  1.12 3 .37  

39 .5  1.27 3.13 
36.1 1.17 

3 .57  

42.7 1.12 5 . 4 2  

39 .4  1.17  

3 .52  44.0 1.27 

ydroger 
r a t e .  
91s-m' 

8.0106 

.00912 

.00826 

.00766 

.0266  

.0228  

-0206  

.0191 

.0532 

.0656  

.0412 

.0586 

.0912 

- 

- 
1.0106 

.00912 

.00826 

.00766 

.0228 

.0656 

.0912 

1.0106 

.00912 

.00824 

.00766 

.0266 

.0228 

.0206 

.0191 

.052 

. 0 6 M  

.0612 

.0386 

.0912 

1.0106 

,009 I2 
.00824 
.00766 

.0266 

.0228 

.0206 

.0191 
,0532 

,0456  

.0412 
,0384 
.0912 

- 

- 

- 
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TABLE 12.. Concluded 

- 
Length, 
cm - 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1.52 

1-52 

1.52 

1.52 

1.52 

1.52 

0.61 

.61 

1.52 

1.52 

. 61 

. 61 

.a1 

.61 

- 

- 

- 

- 

MINIMUM  WEIGHT CONCEPT I PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING, AND COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

b.- S I   U N I T S  

W l m " K  Wlm' 

17.3 48 

17.3 

11.3 

48 17.3 

48 17.3 

48 17.3 

48 11.3 

48 

48 

17.3 345 

17.3 345 

17.3 545 

17.3 545 

17.3 545 

11.3 345 

11.3 545 

17.3 545 

16.3 345 

17.3 689 
17.3 689 
17.3 689 
17.3 689 
17.3 689 
17.3 689 
11.3 689 
11.3 689 
11.3 689 

173 48 

173 48 

173 48 

173 48 

173 1 3  

173 545 

173 689 
173 689 

F i n  k, P. T, d A ,  
OK W m '  

778 

I14 978 
114 889 
I14 

tom 114 

889 

1 1 4 0  889 
568 889 
284 

778 114 

889 I14 

1060 I14 

778 

284 889 
284 

lodo 280 

778 

568 I O 6 0  

568 889 
568 

778 I14 

889 I14 

1060 114 

778 

778 

284 I060 

284 889 
284 

568 1060 

568 889 
568 

889 I14 

889 1140 

889 I14 

889 I140 
889 I14 

a89 114 

889 
1140 889' 

I14 

F i n   g e m t r y  

N, h f i n n   t f i n *  6cIz 
f lnS/cm Un cm kN1m' 

7.9R  -0.127 -0.0076 2074 

7.9R - .I91 - .OW76 

7.9R - . 127 - .0076 

2283 7.9R - -089 - .0076 

2087 7.9R - .I27 - .0076 

2071 7.9R - .I91 - .0076 

2071 7.9R - .I91 - .0076 

2071 

2375 

7.9R -0.381 -0.0076 2069 
7.9R - .38I - .0076 2069 
7.9R - .38I - .0076 2069 
7.9R - .38I - .0076 2070 

11.8R - .381 - .0076 2073 

15.8R - .381 - .0076 2076 
7.9R - .381 - .0076 2074 

I5.8R - .254 - ,0076 2097 
I5.8R - .381 - .0076 2084 

7.9R -0.381 -0.0076 2069 

7.9R - .381 - .0076 2069 

15.8R - .38l - .0076 2071 

7.9R - .381 - .OD76 2070 

I1.8R - .38I - .0076 2073 
15.8R - ,381 - ,0076 2076 
II.8R - .38i - .W76 2078 
15.8R - .381 - .0076 2085 

I5.8R - .381 - .0076 2084 

7.9R  -0.191 -0.0152 2069 
7.9R - .Ob4 - .0152 2.721 

7.9R - .I27 - .0152 2076 

7.9R - . 127 - .0152 2479 
7.9R - . S I 8  - .0152 2068 
7.9R - .381 - .0152 2068 

7.9R - .381 - .0152 2068 

I5.8R - .254 - .0152 2082 

NOTES: ( I )  H a x i m m   s u r f a c e   t u r p e r a t u r e   e x c e e d s   s t a t e d  1110"~ 
maximum al lorrable.   The  concept I design  procedure 
was based  on  a maximum € i n   h e i g h t   o f  0.381 cm f o r  
f a b r i c a t i o n   r e a s o n s ,   p e r m l t t l n g   s u r f a c e   t e m p e r a t u r e s  
to exceed I I IO'K 

( 2 )  I n f i n i t e   r e c o v e r y   t u r p e r a t u r e  

(3) 0.61-m p a n e l   w i d t h  

98 

I I 

829 
946 

5.86 51 

5.86 119 1008 

5.65 86 975 
5.86 1 0 0  989 
6.20 52 I108 

6.20 54 1022 

6.20 57 

853 75 7. I3 

961 72 7. I3 

1122(')  66 7. 13 
938 1 6 0  

II21(') 
8.06 101 990 
7.13 

8.98 125 I l 8 E ' )  

7.76 117 1006 

7. 13 267 1045 

8.98 68 

853 

8.98 126 I l 8 d l )  

8.98 133 1022 
8.06 I84 962 
8.98 68 1126' )  

8.06 101 990 
7. I3 1 6 0  938 
8.98 28 ' 1084 

7.13 72  961 
7. I3 75 

923 34 6. IS 
982 93 6.49 
918 29 7.13 

965 76 7. I3 

923 34 

10.89 110 999 
9.80 35  924 
9.80 35 924 
9.17 

- 
8esm 
ut, 

kglm' - 
2.34 
2.24 

2.44 

2.68 

2.49 
2.59 
2.54 

10.40 

10.40 

12.40 

IO. 74 

10.45 

I2.2I 

11.33 

11.48 

13.43 

18.46 

18.46 

20. I2 
19. I4  

18.65 

21.78 

19.  I9 
19. I4 
23.93 

2.24 

2.83 
2.34 

2 .44  

4.93 
10.25 
18.25 
20.17 

- 

- 

- 

- 

- 
: t i p  ut, 
kglm' 

I .02 

.88 

I .07 

1.31 

I .  12 

1.27 

I. 17 

1.81 

1.86 

2.98 
2.00 

I .90 
2.93 
2.34 
2.39 
3.8 I 

2.73 
2.73 
3.66 
2.98 
2.78 

4.30 
3.03 

- 

- 

- 
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5.62 

0.88 

1.66 

I .02 

1.07 
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1.81 

2.64 

3.56 

- 

- 

- 
b n l f o l l  
ut, 
kglm' - 
2.05 

2.05 

2.05 

2.10 

2.59 
2.98 
3.03 

2.05 

2.05 
2.10 
2.59 
2.59 
2.69 
2.98 
2.98 
3.03 

2.05 
2.05 

2.10 
2.59 
2.59 
2.69 
2.98 
2.98 
3.03 

- 

- 
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3.03 
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.54 

.58 
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- 
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- 
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-0266 

,0228 

,0191 
,0532 
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).0106 

.00912 

.00766 

-0266 

.0228 

.0191 
-0532 
,0456 

.054 

l.00912 
.00912 
,00912 
.00912 
.00912 
,00912 
.00912 

,00912 
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2 
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TABLE 13 

MINIMUM  WEIGHT CONCEPT 2 PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING,  AND  COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

PART I I N F I N I T E  RECOVERY  TEMPERATURE 
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- 
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3.51 
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3.51 
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- 
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. 86 
0.51 

. 5 8  

.w 

.51 

. 6 P  

. 6P 

. b9 

.72 

.75 

. l A  

.71 

. I 2  

. 8 3  

.86 

3.58 

.58 

. 5 I  

. 6 P  

. bO 

. bP 

. I 2  

. 4 P  

- 

- 

- 

- 
sea1 

b l f l '  
*l I 

0.31 

. 31 

. 3b 

.2b 

.2B 

.27 

. :o 

. I 9  

. I 9  

.20 

.22 

) .Ob 

.Ob 

.07 

.07 

.Ob 

.Ob 

.07 

.07 

1. Ib  

. I 7  

. Ib  

. I 9  

. 16 

. I 1  

. I6  

. I P  

. 16 

. I6  

. I 7  

. I 6  

. I b  

. I 1  

1.23 

.23 

.21 

.26 

.2; 

.23  

.26 

. 2 1  

.23 

.21  

.24 

.23 

.23 

.24 

1.21 

. 2 1  

.29 

. 32 

. I 8  

.21 

.29 

. I 2  

- 

- 

- 

- 

- 

- 

- 
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5.10 
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TABLE 13. Continued 

MINIMUM  WEIGHT CONCEPT 2 PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING, AND COOLANT OUTLET  TEMPERATURE  CONDITIONS 

PART I I N F I N I T E  RECOVERY  TEMPERATURE 

a.- U . S .  CUSTOMARY U N I T S  
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TABLE 13. C o n t i n u e d  

MINIMUM  WEIGHT  CONCEPT 2 PANEL  WEIGHTS  FOR  SELECTED  HEATING, 
LOADING,  AND  COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

PART I I N F I N I T E  RECOVERY  TEMPERATURE 
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11.3 

17 .3  

1 1 . 3  

11.3  

I1 3 

11.3 

11.3 

11.3 

I1 3 

11.3 

11.3 

11.3 

11.3 
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4.64 

4 . M  

4.88 
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1.81 

2.01 
1 . 3 5  

1.81 

1 . 1 1  

1.01 

1 . 3 5  

1.01 

- 

- 

- 
hl f0l 

*I I 
kg/.' 

3. W 
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k g f d  . g h '  
I t ,  

1 . 6 4  22.8 
1 . 6 4  23. I 

1.16 24.8 

1.27 

21.2 1.32 

26.8 

- 1.47 

29.S 1.37 

.PI 
40.6 .93 

39.6 

41.1 .98 

1.08 - 
0.29 11.6 

.29 

14.3 .34 

13.1 

.34 

.29 

13.6 

16.3 .34 

14.8 .Y 

14. I .29 

14.2 

3.78  22.9 

.18 23.7 

. 0 3  23. I 

.78 21.4 

.93 28. I 

.8J  25.7 

.18 24.2 

.93 28.8 

.11 23.1 

.a3 33.4 

.11 24.3 

.78 

24.2 .18 

25.3 

.83 - 

. I 2  29.1 

. I 2  m . 3  

. I1 32.4 

. I2  m.2 

.21  31.4 

. I2  30.1 

. I1  33.0 

.21 31.2 

. I 2  Jo.3 

. I2 31. I 

. I 1  33.1 

. I 2  31.0 

, I 2  32. I 
. I1 - 
.17 35.5 

.11 J 6 . 4  

.42  39.2 

.M 45.9 

.3 l  36.0 

. I 7  36.V 

. 4 2  3 P . l  

. J 6  >6,6 
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Panel Panel 
mglh. r l d l h  

o n  

.b1 0.61 

.b1 .b1 

.b1 .bl 

.b1 ' .b1 

.bI .bI 

.b1 .b1 

.bl .b1 

.b1 .b1 

.b1 0.bI 

.bl .bl 

.b1 .b1 

.b1 .61 

.b1 .b1 

.bl .bI 

.b1 .bl 

.bl .b1 

.b1 .b1 

.bI 0.61 

.bI .bl 

.b1 .b1 

.b1 .b1 

.bl .b l  

.bl .bl 

.b1 .b1 

.b1 .b1 

.bl .bl 

.b1 0.61 

.bl .bl 

.b1 .b1 

.bl .b1 

.b1 .b1 

.bl .dl 

.b1 .b1 

.b1 .b1 

.b1 .b1 

.b1 0.61 

.b1 .bl 

.b1 .bl 

.b1 .b1 

TABLE 13. C o n t i n u e d  

MINIMUM  WEIGHT  CONCEPT 2 PANEL  WEIGHTS  FOR  SELECTED  HEATING, 
LOADING, AND COOLANT OUTLET  TEMPERATURE  CONDITIONS 

PART I I N F I N I T E  RECOVERY  TEMPERATURE 

b o -  SI U N I T S  

17.3 889 I14 

11.1 978 114 

17.1 tom 114 

11.3 778 5b9 

17.1 8 8 9 ,  w 
17.3 978:  569 

17.3 low: w 
11.1 889 : 1110 

17.3 889 1110 

17.3 889 I140 
17.3 889 2 8 ~ )  

17.3 089 2840 
17.3 889 2840 

17.3 889 w o  
11.3 889 5680 

17.1 889 5680 

17.3 889 1 1 4 0  

17.3 889 1140 

17.1 889 1140  

17.3 889 2840 

17.1 889 2810 

17.3 889 2840 

11.1 889 W O  

11.3 889 5bEo 

17.3 889 W O  

17.3 889 1110 

17.3 889 1 1 4 0  

17.3 889 1140 

17.3 889 2840 

17.3 889 28% 

17.3 889 2840 

17.3 889 5690 

17.3 889 5beo 

11.1 889 W O  

17.3 889 1 1 4 0  

17.3 889 1140 

11.3 889 l l d o  

17.3 889 2840 

17.3 BE9 2840 
17.1 889 2810 

17.3 889 5680 
17.3 889 m o  

17.1 889 W O  

17.1 889 I140 

11.3 889 I140 

11.3 889 1140 

17.1 889 2840 
17.3 ' 889 2840 

17.3 889 2840 

17.3 889 5-90 

11.3 3 8 9  %BO 

17.3 889 %BO 

- k& 

1720 

1720 

1720 
1720 

1720 

I I20 
1720 

1720 

48 
48 

48 

48 

18 

48 

48 

18 

48 

345 

345 

345 

345 

345 
345 

345 

345 

345 

689 
689 

689 
689 
689 
689 

689 
659 
659 

I030 
IO% 

I030 
IO30 

I030 

I O 3 0  

lOJ0  

IO30 

10% 

I720 

1120 

1720 

1720 
1720 

I720 

I720 
1720 
1720 

- 

- 

- 

I 

- 

- 

Fln gcozerw 

H. 'fin' 'fin' 
f l n s / a  m m OK L H A '  

7.9RO -0.011  -0.00lb 

1103 2270 11.8RO - . O M  - .007b 
I025 2280 7.9RO - . O M  - .0076 

935 2290 7.9W - . O M  - .0076 
823 2320 7.9RO - . O M  - .M7b 

1074 2080 7.9RO - . O M  - .007b 

996 2J80 7.9RO - . O M  - .007b 
9Qb 2080 7.9RO - . O M  - .OD76 

795 2090 

1.9RO -0.OM -0.0016 2760"' 9% 

7.9RO - . O M  - . W l b  2760 9% 
7.9RO - . O M  - . W l b  2760(*)  9% 
7.9RO - . O M  - .007b 448O( ' ) lDW 

7.9RO - . O M  - .007b  4180 IWO 

15.8RO - .I24 - .007b 4820(1) IO25 

7.9RO - .Ob9 - .007b 4180") I D W  

I5.8RO - .091 - .007b 6890 1044 
15.8RO - .Ob9 - .0076 9 6 d 2 )  1072 

7.9RO -0.064 -0.001b 2 7 d l )  9% 
7.9RO - . O M  - .007b 2760 9% 
7.9RO - .Ob4 - .007b 2 7 d 2 )  9% 
7.9RO - .Ob9 - .007b 418O( ' ) lDW 

7.9RO - .Ob9 - .007b 4400(2) I O D O  

7.9RO - .Ob9 - .007b 4480 IOW 

15.8RO - .I24 - .W7b 4820") IO25 

15.8RO - .Ob9 - .0076 9b%0(2)1072 

15.8RO - .09I - .007b 6890 I044 

1 . m  -0.064 -o.cmb 9% 27ta(I) 
1.9RO - . O M  - .W7b 

1072 96%"' 15.8RO - .Ob9 - .W7b 
1044 6890 15.8RO - .09I - .007b 

4820(1)1025 15.8RO - . 124 - ,0076 
4180(2)IW0 7.9RO - .Ob9 - .M7b 

loo0 4480 7.9RO - .Ob9 - .W7b 
4d80( ' ) lOW 7.9RO - .Ob9 - .GO76 

9% 2760( ' )  ) . P R O  - . O M  - .0016 
9% 2160 

1.9RO -0 .OM -0.0076 27bO(1) 9% 
7.9RO - . O M  - .00lb 27m 9% 
7.9RO - . O M  - .0076 27bO(2) 9% 
7.9RO - .Ob9 - .0076 4 1 8 O ( ' ) l O M  

7.9RO - .Ob9 - .007b 1180 loo0 

15.8RO - .I24 - .0076 4820(')1025 

7.9RO - .ObV - .007b 4 4 8 d 2 )  I D 0 0  

15.8RO - .09I - .007b 6890 1014 
IS.8RO - .Ob9 - .W7b 96%") 1072 

7.9Ro - 0 . 0 ~  - 0 . ~ 7 6  9% 27m(') 
>.PRO - . O M  - .007b 

I5.8RO - .Ob9 - .M76 b d * )  1012 
I5.8RO - ,091 - .W7b 890 
I5.8RO - .I24 - .M7b 8 d 1 ) 1 0 2 5  
7.9RO - .Ob9 - .00lb 480(2)10M, 
7.9RO - .Ob9 - . 0 0 7 b r  il 448O(')lOW 7.9RO - .Ob9 - .0076 

9% 27bO(') 7.9RO - . O M  - .00lb 
9% 2760 

I h a t  I P r l m  

45 

155 1.54 4.10 

183 4.54 3.72 

b l  

67 

4.64 3.s 
47 3.52 4.64 

1.52 

4 . M  4 .M 136 
4.64 3.52 Ill 

4.64 3.52 Ill 

4.64 3.52 I l l  
4.64 

I83 3.72 4 .M 

I55 4.10 4.64 

67 3.52 5.42 

61  1.52 5.42 
67 
I l l  

3.52 5.42 

Ill 

1.32 5.42 

I l l  
3.52 5.42 

116 4.64 5.42 

3.52 5.42 

155 4.10 5.42 
I83  1.72 5.42 

b l  3.52 b.70 
67 3.32 b.70 

67 3.52 6.70 

Ill 1.52 6.70 

I l l  1.52 6.70 
Ill 3.52 b.70 
IJb 4.M  6.70 
I55 4.10 b.70 
181 1.72 b.10 

bl 
b7 

3.52 9.42 
1.32 9.42 

61 3.52 9.42 
Ill 
Ill 

3.52 9.42 

Ill 
3.12 9.42 

I16 L b 4  9.42 
1.52 9.42 

111 4.10 9.42 

181 1.71 9.42 

k g h '  

21.80 

2.05 
2.39 

1.91 
1.91 

.59 

.59 

10.10 1.81 

10.10 1.81 
10.10 

1.81 10.10 

1.81 10.10 

1.81 10.10 

1.81 

1.81 10.10 

1.81 10.10 

1.81 IO. IO 

15.m 

15.60 

1.81 

1.81 

15.60 1.81 

15.60 1.81 

15.60 1.81 

15.60 1.81 

15.60 1.81 

15.60 1.81 

15.60 1.81 

20.10 1.81 
20.10 

1.81 20.10 
1.81 

1.81 20.10 

1.81 20.10 
1.81 20.10 
1.81 20.10 

1.81 20.10 
1.81 20.10 

21.b) I.8b 
27.b5 1.8b 
27.65 1.8b 

' 2 7 . 6 5  1.16 

27.63  I.8b 
27.b) 1.8b 

'27.63 1.86 
21.63 1.16 

'27.65  l.8b - 

2.83 1.76 45.9 0.0106 

2.83 1.76 47.0 .00912 

2.83 1.86 51.2 .00824 

3.37 1.76 4b.4 . O U 2  

2.93 2.05 b2. I .00766 

1.37 l.7b 47.5 .04% 

3.37 1.86 51.8 .0412 

3.52 2.05 62.8 . O S 4  

3.42 0.29 14.3 0.0912 

3.42 .29 14.3 .0912 
3.42 .29 14.3 .0912 

3.62 .29 14.5 .228 
5.62 .29 14.3 ,228 
3.62  -29 14.5 .228 

3.67  .29 15.6 .4% 

4.0b .29 15.5 .4% 

1.59 .29 15.b .4% 

3.42 0.78 24.3 0.0912 
3.42 .78 24.3 .09I2 
1.42 .78 24.3 ,0912 
3.62 . la 24.5 .228 
3.62 .78 24.3 ,228 
3.b2 .78 24.5 

.4% 25.6 r78 1.67 

.228 

.4% 23.6 .78 4.59 

.4% 25.3 .78 4.06 

3.42 1.12 30.9  0.0912 

1.42 1-12 30.9 .09I2 

1.12 1.12 30.9 .Opt2 

3.62 1.12 11.1  .228 
1.62 1.12 1 1 . 1  .228 

3.62 1.12 31.1 .228 
3.61 1.12 32.2 .L% 

4.06 1.12 32.1 .I% 

4.59 1.12 32.3 .4% 

3.42 1.17 3b.9 A912 
3.42 1.31 36.9 0.0912 

3.62 1.37 37.1 .228 
3.42 1.37 3b.9 .0912 

3.62 1.37 17.1 .228 
1.62 1.17 37.1 . I28 

3.61 1.17 18.3 .4% 

4.06 1.17 38.1 ,454 

4.59 AS 38.3 1.31 

3.42 

.0912 41.6 1.76 3.42 

.0912 4l.b 1.76 3.42 

0.0912 4l.b 1.1b 

3.62 l.7b 41.8 -228 
3.62 

- 4 %  48.9 1.16 4.06 

.4M 49.0 1.16 4.59 

.AM 49.0 l.7b 3,67 
-228 47.0 l . l b  1.62 

,228 47.8 1-76 
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- 
Pmcl 

lcnglh 

- 
1.52 

1.52 

I. 52. 

1 .52  

1 .52  

1 .52  

1 .52  

1.52 

1.52 

1.52 

1.52 

1.52 

1.s2 
1.52 

I. 52 
I .  52 

I. 52 

I. 52 

1.52 

1.52 
I. 52 

1 . 5 2  

1.52 

1.52 

1.52 

I. 52 

I. 52 

1.61 

.61 

.b1 

.61 

.bl  

.b1 

- 

- 

- 

- 

TABLE 13. Conti nued 

MINIMUM  WEIGHT  CONCEPT 2 PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING,  AND  COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

PART I I N F I N I T E  RECOVERY  TEMPERATURE 

b e -  S I   U N I T S  

Panel 
wldth. 

w / - - ~ R  m 
Fin b.. 

0.61 

17.3 .61 

17.3 .61 

17.3 .61 

17.3 .bl 

11.3 .bI 

17.3 

17.3 .61 

17.3 .b1 

17.3 .61 

0.61 17.3 

.61 17.3 

.61 17.3 

.bl  17.3 

.61 17.3 

.b1 17.3 

.61 17.3 

.61 17.3 

.61 17.3 

0.61 17.3 

.bl 17.3 

.61 17.3 

.61 17.3 

.61 17.3 

.b1 17.3 

.b1 17.3 

.bl  17.3 

.bI 17.1 

0.61 173 

.b1 I73 

.e1 175 

.bI 

173 .61 

173 .bI 

175 

P. 
d/.l - 

48 

48 

48 

48 

49 

18 

48 

48 

48 

345 

345 

345 

345 

345 

345 

345 

345 

345 

b89 

689 
689 

689 
689 
b89 

689 
689 

b89 

. M  

s 5  

48 

345 
689 
td9 

- 

- 

- 

- 

Ti" 9eOolry 

n. hr;n* 'rin. '~m-'ct i  'lily' PCI, 
f ; n r l o .  m CD 

dl,? 
OX tn/m' 

7.910 -0.001 -0.0076 

28 806 4410 7.9RO - .054 - .DO76 

I 8  I074 2923 11.810 - .064 - .007b 
21 PIC 2800 7.910 - . O b 4  - .007b 
20 798 2900 7.9110 - ,064 - .0016 

I 3  1069 2210 7.910 - .064 - .007b 
I3 9 0 2  22% 1.910 - .ObL - .0076 

I3 791 2260 

11.810 - .079 - .Do76 -10 1080 24 

7.9RO - .OW - .007b 113) 918 29 

7.9RO -0.064 -0.0076 2260 13 791 
1 . m o  - . o s  - m 7 b  13 9 0 2  2233 

7.9110 - ,061 - .0076 

2920 11.810 - .OW - .W76 

20 799 2PO 7.9RO - .Ob4 - .0076 

I3 1359 2260 

21 913 28W 7.910 - . O S  - .0016 

18 I074 

7.9RO - . O M  - .DO76 1413 305 2a 

1.9RO - .ObL - ,007b 41% 

2: 1380 %I3 11.810 - .079 - ,0076 

29 918 

7.9110 -0.064 -0.0076 22.50 791 I3 

7.9110 - .Ob4 - .W76 22% 902 I3 

1.9110 - .OM - .0016 2240 

28 806 4410 7.9110 - .OM - .0076 

I 3  1074 2920 11.8110 - .064 - .0076 

21 913 2J00 7.9RO - .ObL - .00>6 

20 798 2900 7.910 - .OW - .0076 

I3 1059 

11.8110 - .079 - .0076 %la loa0 24 
7.9k.O - .OM - .0076 11% 918  29 

?.PRO -0.061 -0.0112 2100 902 I3 

7.910 - .Ob4 - .OI% 210D 902 I1 

7.9110 - .Ob9 - .0132 5510 964 73 

7.910 - .Ob9 - .OlS2 5510 964 73 
7.9RO - .OW - .01S2 2100 9 0 2  I3 

1.910 - .Ob9 - .O ISZ  5510 964 75 

- 
uch.nge, 

kg/=' 
I t .  

1.52 

3.52 

3.52 

3.52 
3.52 

3.52 

3. e 

3.52 

3.76 

3.32 

3.52 

1.52 

3.52 

3.52 

HI.1 

- 

- 

3.m 
3.52 

3.52 

3.76 

3.52 

3.52 

3.52 

3.52 
3.52 

3.m 
3.52 

3.52 

3.76 

4.14 

1.Y 
4.44 

4.54 

4.44 

4. Y 

- 

- 

- 

4.5b 1.86 0.Y 2.03 
4.Y 1.91 .39 2.05 

4.59 3.08 .73 2.10 
4.54 1.86 .Y 2.59 
4.5b 1.91 .59 2.59 
4.59 3.08 .73 2.78 
4.Y 1.86 .Y 2.98 
4.54 1.91 .59  2.98 

5.72 12.65 2.35 2.10 
4.64 9.47 1.e 2.59 
4.64 10.10 1.81 2.w 

4.64 9.47 1.e 2.98 

5.72 12.65 2.35 2.18 

4.64 IO. 12 1.81 2.98 
5.72 12.65 2.35 3,03 

5.27 15.15 1.81 2.05 
5.42 15.60 1.81 2.05 
7.51 19.80 2.15 2.10 
5.21 IS.15 1.81 2.39 

7.57 19.80 2.33 2.78 

5.27 15.1) 1.81 2.98 

7.37 19.80 2.35 3.03 
5.42 I5.U 1.81 2.98 

5.42 1s.m 1.81 2.59 

4.54 1.91  0.39 2.83 
4 . 3  1.91 . 19  3.67 

4.61 10.10 1.81 2.03 
4.64  10.10 1.81 3.67 
3.12 n.m 1.81 z . 8 ~  
S.42 11.60 1.81 3.61 

%.I 

k g / ; )  kg/" 
I t  I t ,  

101.1 

D.20 12.7 
.20 12.8 

.24 13.3 

.Y 
13.7 .Y 
13.6 

14.2 .73 

14.4 . 59  

.83 14.0 

.78 14.5 

1.20 21.5 

.24 26.6 

.20 22.3 

.Y 22.4 

.Y 

28.3 .83 
23.9 .78 

21.8 .5P 
23.0 .73 

23.2 

1.20 28.0 

.ZO 28.6 

.24 3S.b 

.Y 28.9 

.Y 2P.3 

. s 9  

29.5 .73 
54.8 

.83 37.2 

.78 w.1 

1.29 14.6 
.29 13.1 
.78 24.6 
.78 25.S 
.I2 31.2 
.I2 32.2 

- 
Nydroget 

kg1a-n' 
rete. 

1.0106 

- 
.00912 

.007m 

.02w 

.0228 

.01v1 

.052 

.0b55 

.0184 

LOIOb 
- 
.00912 
.001W 
.02a 
,0228 

.0191 

. o s 2  

.Ob% 

.O%b 

1.0101 

,00912 

.00766 

- 

.oza 

.0228 

.01P1 

. o m  

. o w  

. o m  - 
~.00912 
.228 
.009l2 

-228 
.m012 
.228 - 

104 



- 
h n e l  
mgth, 
ft 

2 

2 

2 
2 
2 

2 

2 
2 

2 

2 

2 

2 

2 

2 
2 
2 

2 

2 
2 

2 
2 

2 

2 
2 

2 
2 

2 

2 
2 
2 

2 

2 

2 

2 

2 

2 

2 
2 

2 
2 

2 

2 

2 
2 

- 

- 

- 

- 

- 

'anel 
Btu hr- Ildth, 

Fln 
k, 

f t  ft-OR 

2 

2 

IO 

2 

10 2 
10 

10 2 

IO 2 
10 2 

IO 2 

10 2 
IO 2 

10 2 

10 2 

10 

2 IO 
2 I O  

2 I O  

2 10 

2 IO 
2 10 
2 IO 

2 IO 
2 10 

2 10 

2 10 

2 10 

2 10 

2 IO 
2 IO 
2 IO 
2 IO 
2 IO 
2 10 

2 IO 
2 IO 
2 10 

2 I O  

2 IO 

2 10 

2 IO 

2 10 
2 I O  

2 10 

2 IO 
2 IO 
2 IO 

TABLE 13. Continued 
MINIMUM WEIGHT CONCEPT 2 PANEL WEIGHTS FOR SELECTED HEATING, 

LOADING, AND  COOLANT OUTLET TEMPERATURE CONDITIONS 

PART I 1  SOOO'R RECOVERY TEMPERATURE 

I400 10 6.95 
1400 10 6.95 
I400 IO 6.95 
1600 IO 6.95 
1600 IO 6.95 
1600 IO 6.95 
1760 IO 6.95 
1760 10 6.95 
1760 IO 6.95 
1900 10 6.95 
I900 10 6.95 
1900 10 6.95 

I 4 0 0  100 6.95 
1400 100 6.95 

I400 100 6.95 
1600 100 6.95 
1600 100 6.95 
1600 100 6.95 
1760 100 6.95 
1760 IO0 6.95 
1760 100 6.95 
1900 100 6.95 
I900 100 6.95 
I900 100 6.95 

I400 250 6.95 
1400 250 6.95 
ILOO 250 6.95 
1600 250 6.95 
1600 250 6.95 
1600 250 6.95 
I760 250 6.95 
1760 250 6.95 
1760 250 6.95 
1900 250 6.95 
I900 250 6.95 
1900 250 6.95 

I Loo 50 

1600 50 

I 760 50 
1900 50 

I LOO 100 

1600 100 

I760 100 

1900 100 

a. - 
Fln gcrrnctry 

Inslln. In. In. 

ZORO - 0.025 - 0.003 

ZORO - .050 - .003 
ZORO - .075 - .003 
20RO - .025 - .003 
ZORO - .OS0 - .003 
ZORO - .075 - .003 
ZORO - .025 - .OD3 
ZORO - .OS0 - .003 
ZORO - .075 - .003 
ZORO - .025 - .003 

2ORO - .OS0 - .a03 
ZORO - .075 - .003 

20RS - 0.025 - 0.003 

ZORO - .050 - .003 

2ORO - .075 - .003 
2ORO - .025 - .003 
ZORO - .OS0 - .003 
20RO - .075 - .003 

ZORO - .025 - .003 
20RO - .OS0 - .003 
20RO - .075 - .003 
MRO - .025 - .003 
M R O  - .os0 - .w3 
MRO - .075 - .003 

20RO - 0.025 - 0.003 
ZORO - .OS0 - .a03 

PORO - .075 - .W3 
20RO - .025 - .003 
ZORO - .OS0 - .003 
ZORO - .075 - .003 
MRO - .025 - .Do3 
3ORO - .OS0 - .003 
MRO - ,075 - .003 
4ORO - .029 - .003 
40RO - .050 - .003 

40RO - .075 - .003 

H ,  hfln, %In, ICI. Tow, Tow-Tc, 
Isla OF =AT,OF 
303 961 21 
MO 975 35 
300 984 4L 

302 1159 19 
300 I172 32 
300 1182 42 

302 1318 I8 

XXI 1330 30 
500 1339 39 
M2 1457 17 
300 1469 . 29 
300 1677 37 

385 1024 84 

316 1082 142 
305 1123 183 
377 1222 82 
312 1279 139 
305 1320 180 

370 1380 80 

311 14% I35 
301 1477 177 

316 1550(3) l l 0  

383 1509 69 

305 IS&) 140 

620 IO80 140 

370 1 1 6 0  220 
320 12% 290 

590 I280 140 

Mo 1 3 4 4  220 
320 I400 260 

620 1325 125 

370 1490 190 
325 1535 255 

580 1555(3) I15 

380 1595(3) 155 
340 1660(3) 220 

(Sase set as ebove, see note 4 )  

UNIT - 
Heat 

exchangt 
ut, 

Ib/ft' 

0.717 
.782 
.a47 
.717 
.782 
.847 
.717 
.782 
.847 
.717 
.782 
.a47 

0.717 
.782 
.e47 
.717 
.782 

.e47 

.717 

.782 

.a47 

.750 

.868 

.987 

0.717 
.782 
.847 
.717 
.782 
.a47 
.750 
.868 

.987 

.782 

.912 

1.042 

- 

- 

- 

- 

Prim 
panel 

I blf  t 
ut, 

0.93 

.93 

.93 

.93 

.93 

.93 

.91 

.91 

.91 

.94 

.94 

.94 

0.93 
.93 

.93 

.93 

.93 

.93 

.91 

.91 

.91 

.94 

.9L 

.94 

0.93 
.93 

.93 

.93 

.93 

.93 

.91 

.91 

.91 

.9A 

.94 

.94 

0.95 
.95 

I .oo 
1. I7 
I .08 

1 .11  

I. I8 
1.55 

- 

- 

- 

- 

- 

- 
Bean 
Ut. 

I blf t 

0.38 
.38 
.38 
.39 
.39 
.39 
.49 
. L9 

.49 

.63 

.63 

.63 

9.38 
.S8 

.38 

.39 

.39 

.39 

. 49 

. L9 

. L9 

.63 

.63 

.63 

D.38 

.38 

.X 

.39 

.39 

.39 

.A9 

. 49 . 49 

.63 

.63 

.63 

1.94 

2.07 

2.26 
2.59 
3.10 
3. I9 
3.51 
4.06 

- 

- 

- 

- 

- 

Clip 
ut, Y t ,  

Iblft' Iblft' 

Mnlfol 

0.11 0.58 
.II .58 
.II .58 
. I 2  

.I5 
.58 . I 2  
.58 . I 2  
.58 

.60 .23 

.&I .23 

.60 .23 

.5B .I5 

.58 . I S  

.58 

0.11 0.69 
. I I  .69 
.II .69 
. I 2  .70 . I2 .70 
.I2 -70 
.I5 .73 
.IS .73 
.IS .73 
.21 .85 
.23 .85 
.23 .85 

0. I I  0.74 
. I I  .7L 
. I I  .7L 
. I 2  .75 
.I2 .75 
. I 2  .75 
. I 5  .78 
. I 5  .78 
. I 5  .78 
.23 .90 
.23 .FO 
.23 .90 

0.34 

.37 

. LI . LB 

.37 

.37 

.AI 

.dB 

0.06 
,00198 2.85 .c4 

0.00198 2.78 

.06 .a0198 2.92 

.06 

2.96 .06 

.00167  2.87 .06 

.00167 2.80 

.00136 3.33 .07 

.0013L 3.26 .07 

. O O l 3 4  3.19 .07 

.COIL8 3.06 .07 

.00148 2.99 .07 

.W148 2.92 .07 

.00167 

0.06 

2.96 .Ob 
0.0195 2.89 

.01275 3.71 .07 

.0129 3.59  .07 

.01315 3.L7  .07 

.Old0 3.21 .07 

.OIL25 3.14 .07 

.OIL6 3.07  .07 

.0158 3.06 .06 

.01605 2.99 .06 

. O M 5  2.92 .Ob 

.0187 3.03 .06 

.0190 

0.06  0.0179  2.94 
.Ob 

.03 I5  3.81 .07 

.0322 3.68 .07 

.0329 3.55 .07 

.0345 3.39 .07 

. O S 4  3.27  .07 

.03605 3.15 .07 

.038 3.11 .Ob 

.03905 3.06 .06 
.OLOZS 2.97 .06 
.04515 3.08 .06 

.OL675 3.01 

0.16 

. 16 

.I7 

.I9 

.23 

.23 . 24 

.26 

llOTE5: (3) norlrm surloce  temperature  exceeds  stated 2000'R Pdxlcum allodable. 

( I )  90O0R recovery  tftrpereture cases with varylng f ln  height have not been  repeated 
for M and 100 psl,  beceuse  the heat exchanger  and  manlfold  derlgns m d  the 
coolant  rnte  are not affected by external  pressure. lhe  assoclated panel, beam, 
cllp  and seal welghts  for 50 and 100 psl are  Ilsted ac the  bortan of the table.  
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" 

Panel 
length. 

m - 
0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

. 61 

.61 

. 6 I  

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

- 

- 
3.61 

.SI  

.61 

.61 

.61 

. bl  

.61 

.61 

.dl 

.61 

.61 

.61 

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

- 

- 

- 

widlh. 
Panel 

m - 
0.61 

.61 

.61 

.61 

.61 

.61 

.61 

. 61 

.61 

.61 

.61 

.61 

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.6l 

.61 

" 

- 
1.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

0.61 

.61 

.61 

.61 

.61 

.61 

.61 

.61 

." 

- 

in k, 
_. 
/ W O K  

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

c_ 

- 
17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

11.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

- 

_. 

TABLE 13. C o n c l u d e d  

MINIMUM WEIGHT CONCEPT 2 PANEL  WEIGHTS  FOR  SELECTED  HEATING, 
LOADING,  AND  COOLANT  OUTLET  TEMPERATURE  CONDITIONS 

P A R T  I 1  278O0y RECOVERY  TEMPERATURE 

CO' 
OK - 
771 

771 

771 

885 

88' 

885 

971 

971 

971 

IOU 

IOU 

IOU 

7 71 

771 

771 

88! 

88' 

88' 

971 

971 

971 

10,s 

I O U  

10,s 

778 

778 

I 

- 

778 

889 

889 

889 

978 

978 

978 

om 
om 
om - 

889 

978 

om 
778 

889 

978 

060 

q/A. 

I I1 

I I 6  

I I4  

I I 6  

I I h  

I I 6  

I I4 

I I 6  

I I 6  

I I 4  

I I 6  

I19 

I I 4 0  

I I60 

I I 6 0  

I Id0 

I I 6 0  

I 1 4 0  

I I 6 0  

I140 

I140 

I160 

I I60 

I I 4 0  

2860 

2860 

2860 

2840 

2840 

2860 

2840 

- 

2840 

2840 

2860 

2860 - 

p. : y/" 

18 

68 

68 

I 8  

48 

68 

48 

68 

68 

68 

68 

48 

48 

68 

68 

68 

48 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

48 

68 

48 

48 

48 

68 

68 

$65 

145 

165 

$65 

8 9  

i89 

,89 

. -  

- 

- 

w- 

Fin ge-try 

N, hfin. 'fin. 
fins/- m on 

7.9RO -0.064 -0.0076 

7.9RO - . I 27  - .0076 

7.9RO - . I 9 1  - .0076 

7.9RO - .Ob4 - .0076 

7.9RO - . I27  - .0076 

7.9RO - . I 9 1  - .0076 

7.9RO - .Ob6 - .0076 

7.9RO - . I27  - .0076 

7.9RO - . 191 - .0076 

11.8RO - . O M  - .0076 

11.8RO - . I27  - .0076 

11.8RO - .I91 - .0076 

7.9RO - 0 . O M  -0.0076 

7.9RO - . I 2 7  - .0076 
7.9RO - . I91  - .0076 

7.9RO - .Ob6 - .0076 

7.9RO - .I27 - .0076 

7.9RO - . I 9 1  - .W76 

7.9RO - .Ob6 - .0076 

7.9RO - . 127 - .0076 

7.9RO - . I 9 1  - .0076 

11.8RO - . O M  - .W76 

II.8RO - . 127 - .0076 

11.8RO - . I 9 1  - .GO76 

"" . .  

." 

7.9RO -0.064 -0.0076 

7.9RO - . I 2 7  - .0076 
7.9RO - . I 9 1  - .0075 

7.9RO - .Ob6 - .0076 

7.9RO - . 127 - .0076 

7.9RO - . 191 - .0076 
11.8P.O - .Ob6 - .0076 

11.8RO - . I 2 7  - .0076 

11.8RO - . I 9 1  - .OD76 

15.8RO - .Ob6 - .0076 

15.8RO - . I 2 7  - .0076 

15.8RO - . 191 - .W76  

PCI' 
kN/m' - 
2090 

2070 

2070 

2080 

2070 

2070 

2080 

2070 

2070 

2080 

2070 

2070. - 
2650 

2 I60 

2100 

2600 

2150 

2100 

2550 

2160 

2 1 0 0  
2660 

2180 

2 100 

4270 

2550 

2210 

h070 

2680 

2210 

4270 

2533 

2240 

6000 

2620 

2360 

"" 

- 

TD"W 
OK 

790 

- 

197 

BO2 

900 

907 

912 

988 

995 

100 
065 

D72 

077 

825 

- . 

857 

E80 

$35 

966 

989 

022 

053 

076 
066 

I d 3  

" 

855 

900 

939 

967 

101 I 

1033 

1068 

1086 

I108 

I I20(. 

I l62': 

I - 

Dnw-~co- e 
12 

19 

26 

II 

18 

23 

10 

I 7  

22 

9 

16 

21 

17 

79 

102 

6 6  

77 

1 0 0  

66 

75 

98 

38 

61 

78 - " - 
78 

122 

161 

78 

122 

IhP 

70 

106 

l3J 

66 

86 

122 - 

". 
Heat 

rchanger 
ut, * 

3.s 
3.82 

4 .  I 4  

3.54 

3.82 

4. I 6  

3.50 

I .82 

h .  16 

3.67 

6.24 

6.82 

3.50 

3.82 
6. I4 

3.50 
3.82 

4. 16 

3.511 
3.82 

4. 16 

3.67 

4.26 

4 . 8 2  

3. 54 

3.82 

1 .  16 

3.33 

3.82 

6. I 4  

3.67 

6.26 

6 . 8 2  

3.82 

4.45 

5.10 

6.64 

6.66 

6.88 

5.72 

5.27 

5.42 

5,76 

7.67 

-. 

- 
4 

4 

4 

4 

4 

4 

4 

4 

h 

4 

4 

4 

4 

4 

4 

6 

4 

4 

4 

4 

4 

4 

4 

4 

I 

I 

I 

I 

I 

I 

1 

8.64 2.39 

8.66 2.39 

,.59 3.08 
,.59 3.08 

m.59 3.08 

4.54 1.86 

4.54 1.86 

6.54 1.86 

6.56 1.91 

1.56 1.91 

6.54 1.91 

6.66 2.39 

6.16 2.39 

1.44 2.39 

1.59 3.08 

- .  

4.59 3.08 
4.59 LO! 

9.47 1 . 6 4  

10.10 1.81 

11.05 2.01 

12.68 2.35 

15.15 1.81 

15.64 1.81 

17.15 2.01 

19.85 2.35 

1 

1 

1 

0 

1 

1 

1 

1 

.73 '2.83 

.73 2.83 

.73 

. I 2  

. I 2  6.16 

. I 2  4.16 

0.56 3.62 

.56 3.62 

. 5 4  3.62 

.59 3.67 

.59 3.67 

.59  3.67 

.73 
03.81 

"_. . 

.73 i3.81 

.73 3.81 

1.12 6.60 

I. I2 6.10 

. 8 3  

.93 

I. 12 

I. I2 
1.17 

I .27 
" 

.29 14.4 

.29 
116.7 

.29 14.3 

.29 114.6 

.36 lb ,5  

, 3 4  117.4 

" 

! 
1 
! 

HOTES: (3) nax imm surface  temperature  exceeds  stated lllO°K msximum allareble. 

(1) 2780°1. recovery temperature cases with varying fin height  have not been  repeated for 365 and 689 k.N/m'. because the heat 

and seal weights for 365 and 689 kN/rn' are listed at the b o t t m  of  the  table. 
and manifold designs  and  the coolant rate are not affected by  external  pressure.  The  asroclated  panel. beam. clip 

Hydrcqen 

kg/s-m' 
rate. 

. 0 0 9 w  

.00966 

.008IS 

008 I!, 

00723 

00723 

00723 

00155 

00655 

0952 

0728 

0912 1 
0806 

* 

0786 i 
0772 

0113 

0695 I 
1 

0b42 

0630 

1.236 ! 
.228 

. 2 2 1  

. 197 

. I91 

. I86 

.176 

.173 

. 168 . 161 

. IS7 . I 3 4  
" 

" 

106 



TABLE 14 
MINIMUM  WEIGHT CONCEPT 3 PANEL  WEIGHTS FOR SELECTED  HEATING, 

LOADING, AND COOLANT OUTLET TEMPERATURE CONDITIONS 

Tt0 '  
O K  

I LOO 

I 600 

I 160 

I900 

I coo 
I600 

1760 

1900 

ILOO 

I600 

I160 

I900 

I100 

I600 

I160 

I900 

I600  

I600 

I600 

I600 

I400 

I600 

0 160 

I900 

I600 

ILOO 

I160 

I900 

I400 

- 

- 

" 

loo0 

,760  

I900 

I400 

I160 

I600 

I900 

I LOO 

I600 

I760 

1100 

I900 

I760 

I600 

I900 

I400 

I600 

I160 

1900 

1400 

I600 

I900 

I160 

- 

-. 

- 

t u / w  
9 /A .  

f t' 
" 

50 

50 

50 

50 

50 

50 

50 

50 

50  

50 

50 

50  

50 

50 

50 

50 

I00 
IO0 

I 00 
IO0 

250 

250 

250 

250 

500 

500 

500 

500 __ 
250 

250 

250 

250 

500 

500 

500 

500 

250  

250 

250 

250 

500 

500 

500 

500 

250 

250 

250 

500 

250 

500 

500 

500 

"_ 

- 

- 

50 

50 

2ORO - 100 

2ORO - 50 

20RO - 

3ORO - 

100 2ORO - 
100 20RO - 
100 3ORO - 
150 2ORO - 
150 

20RO - I50  

20RO - 

250 20RO - 
I50 3ORO - 

250 20RO - 
250 2ORO - 
250 3ORO - 

~ ~ "" 

100 

20RO - 150 

20RO - 
50 mRo - 

,025 - ,003 

1304 331 .025 - ,003 

1223 333 , 0 2 5  - ,003 

1021 330 ,025 - ,003 

I506 335 ,025 - ,003 

I30L 331 ,025 - . M 3  

I223  333 

,025 - ,003 330 1021 

,025 - ,003 335 I506 

,025 - ,003 333 I223  

,025 - ,003 331 1304 

, 0 2 5  - ,003 335 1506 

, 025  - ,003 330 I021 

,025 - ,003 

1506 335 ,025 - ,003 

I304 331 ,025 - ,003 

I223 333 

0.025 - 0.003 LOO 1260 

.025  - ,003 400 1260 

,025 ,003 LOO 1260 

. 

150 

250 I Z O R O  - 0.025 - 0.003 700 1125 

NO design 
" 

" 

250 

20RO - ,041 - . M 3  250 

NO design 250 

COR0 - :::: 1 250 

2ORO - 

LOR0 - ,037 - .003 1OOC 250 

250 No design 
250 NO design 

" " 

~- 

rDHU-TC 
A T , ~ F  

01  

03 

0 1  

66 

01 

03 
0 4  

66 
01 

0 3  

0 4  

66 

0 1  

03 

0 4  

66 

I 2 0  

I20 

I20 

I 2 0  

205 

185 

I60 

~. 

-~ 

290 

375 

I05 

205 

I60 

375 

290 

_" 

205 

I60 

I e5 

315 

290 

"- 
I05  

205 

I60 

375 

290 

- 

a. - U.S. CUSTOHAI RY 
~ 

t lumlnun 
hoat 

oxchangcr 
* t , Ib / f t *  

0.37 

.37 

.37 

.37 

.37 

.37 

.37 

.37  

.37 

.31 

. 3 1  

.31 

.31 

. 3 1  

.31 

.31 

0.37 

.37 

.31 

.31 

0 . 3 1  

. 3 1  

. 3 1  

.37 

.37 

.37 

.31 

.31  

0 . 3 1  

.31  

.37 

.37 

.31 

.31  

.31  

.37 

0.37  

.31 

.37 

.37 

.37 

.37 

.37 

.37 

0.37 

.31 

.37 

.37 

.37  

.31 

.37 

.37 

~~ ~ 

-. 

" ~ 

-. . 

~~ 

" . - 

a5t.lloy 
X 

heat 
xchanger 
t, Ib/ft '  

0.72 

.72 

.72 

.15 

.12 

.72 

.72 

. 7 5  

.12 

.12 

.72 

.75 

.72 

.12 

.12 

.75 

0. 72 

.12 

.72 

.12 

0.12 

.13 

. 7 0  

. 16 

.05 

. .  
0.12 

.13 

.10 

.76 

.05 

" 

0.12  

.73 

. 70 

.76 

.05 

~" 

0.12  

.73 

. 7 0  

.76 

.05 

~~ ~ 

~ 

"cone 
710 

Panel 
*t, 

b l f t '  

0.90 

.PI 

.92 

1.01 

. 90 

.91 

.92 

1.01 

.90 

.PI 

.92 

1.01 

.90 

. P I  

1.01 

.92 

0 .91  

.91 

.91 

.P I  

0.  90 

.9 l  

1.01 

.92 

.90 

.91 

.92 

1.01 

0.90 

. 9 l  

.92 

1.01 

.90 

.92 

. P I  

1.01 

0.90 

.91 

1.01 

.92 

.90 

.92 

.91 

1.01 

0.  PO 
.PI 
.92 

1.01 

.90 

.91 

.P2 

1.01 

.~ 

." 

- 

UN - 
\ l u m l .  

,anel 

I b l f t '  
W t .  

0.55 

.55 

.55 

.55 

.67 

.67 

. 6 1  

.67 

.79 

.79 

.19 

1.21 

.19 

1.21 

1.21 

1.21 

0.55 

.67 

.19  

1.21 

0 . 5 5  

.55 

.55 

. 5 5  

.55 

.55 

.55 

. 5 5  

0 . 6 1  

. 6 1  

. 6 1  

. 6 1  

.61 

. 6 1  

.67 

.67 

0 .19  

.19 

. 7 9  

. 7 9  

.79  

.79 

.79  

. 7 9  

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

"Yrn 

. _  

~ - .. 

~~ " 

S -  - 
"CO"C1 

beam 
110 

I b / f t '  
*t. 

0.Y) 

.30 

.XI 

.M 

.30 

.30 

.M 

.30 

.30 

.30 

.30 

.x 

.YJ 

.30 

.30 

.30 

0. M 

.30 

.30 

.30 

0.30 

. 30 

. 30 

. 30 

. 30 

.30 

. :o 

. 50 
0.30 

. m  

.30 

. 30 

.3G 

.YJ 

.3G 

.30 

0.30 

.30 

.30 

. .x 
.30 

. 30 

.30 

.M 

3 . 3 0  

.30 

.30 

.30 

.30 

.30 

.30 

.30 

__ 

~~ 

~~ 

- 

.Iran1 
bean 
ut. 

I b l f t  

I. 10 

1.10 

I. 10 

I. 10 

1.70 
1.70 
I. 70 

I .  70 

2. 19 

2. 19 

2.19 

2. 19 

3.01 

3.01 

3.01 

3.01 

I .  10 

2.19 

I. 10 

3.01 

I .  10 

I .  10 

I. I O  

I. I O  

I. 10 

I. 10 

I. I O  

I. 10 

I .70 

I .  70 

I. 10 

I, 70 

I .  10 

I, 10 

I. 10 

I. 10 

2 ,  19 

2. I 9  

2.19 

2. 19 

2 .  19 

2 ,  19 

2. I 9  

2. I 9  

3.01 

3.01 

3.01 

3.01 
3.01 

3.01 

3.01 

3.01 

- 

.. . 

." 

- 

- 

0.70 

. 7 0  

. 7 0  

.01 

.70 

. 7 0  

.70 

.01 

.10 

.10 

. 10 

.01 

. 10 

.70 

.70 

.01 

0.19 

.19 

.19 

.19 

" 

0 . 1 9  

.no 

. 0 3  

.9: 

. 06 

.90 

,07  

1.01 

0 . 7 9  

.a0 

. 0 3  

.93 

.06 

.07 

1.01 
.90 

0 .19  

.no 

. a 3  

.93 

.06 

.07 

1.01 

.90 

0.19 

.no 

. 0 3  

.P3 

.86 

. a7 

.PO 
1.01 

__ 

- 

- 

*I, W t ,  

ea1 Total  

b l f t '  

5.21  1.01 

I b l f t '  

.04 5 . 2 5  

.04 5.26 

. O L  5 . l l  

.Ob 5 .90  

,Ob 

6.00 .Ob 

5.99  

0.02 .00 

1.07 .on 
1.86  .00 

1.85  .00 

6 . 1 1  .07 

6 .62   .O l  

6 .61  .07 
6 . 6 0  .07 
6.15 .Ob 

,Od 5.26 

.Ob 6.00 

.07 6.62  

.00 7 . 0 1  

. O L  5.25 

.oh 5.28 

. 0 4  

. O L  

- . O P  

5.31  

- .OL 

- .OL 

5.56  . O L  

5.11  

.Ob 5.99  

.06 6.02 

.Ob 6. I I 

.Ob - 

.06 6.10 

.Ob 6.21  

.Ob 
- .Ob 

- 

.07 6.61 

.07 b.6P  

.07 6 . 7 3  

.07 - 

.07 6 .12  

. O l  6.03 

.07 - 
. O l  - 
, O 0  7.06  

.00 7.09  

.on 7.90 

.on - 

.on 1.97  

.on 0.00 

.on - 

.on - 

0.010075 

.0w15 

,00015 

.007025 

,010075 

.009:5 

,00815 

.010015 

,007825 

. '109 :: 
,00815 

,001025 

,010075 

,009': 

. W 0 L 6 5  

.o0 le2 :  ___ 
O.GI87 

,0101 

,0107 

,0101 

0 . 0 5 1 1  

.0b60 

,06225 

.0 :925 

. 1090 

, 0 9 5  

.0815 

,0705 

0 . 0 5 L L  

,0650 

,03925 

,01225 

. IO90 

.09:: 

.00n5 

, 0105  

0 . 0 5 L l  

,0160 

,01225 

.0:925 

. I090 

,0935 

,0065 

,0705 

0.0511 

.0160 

,01225 

.03921 

,1090 
,0935 

.0015 

,0105 

- 

- 

- 
Notes 



TABLE 14. Concluded 

MINIMUM  WEIGHT CONCEPT 3 PANEL  WEIGHTS FOR SELECTED  HEATING, 
LOADING, AND  COOLANT OUTLET TEMPERATURE CONDITIONS 

b. - S I   U N I T S  

- 
178 

889 

918  

IO60 

778 

889 
918 

1060 

718 

889 
978 

1060 

178 

889 

918 

1060 

889 
889 

889 

889 

889 

778 

10ec 

918  

778 

918 

889 

1060 

118 

- 

- 

" - 

ea5 

97b 

1065 

7 18 

a?<  
9 i a  

I 560 

118 

689 

970 

1060 

1 78 

918 

dB9 

I060 

889 

718 

918 

1 x 0  

889 

i t 8  

1060 
978 

- 

-_ 

- 

- 

u/m 
/ A ,  

568 

568 

568 

568 

568 

568 

568 

568 

568 

568 

568 

508 

5b8 

568 

568 

568 

I LO 

I40 

I LO 

I LO 

8'0 

8 LO 

BLO 

840 

580 

580 

58J 

580 

3L0 

8'0 

8L0 

3L0 

580 

5 %  

,E" 

380 

3L0 

3'0 

340 

340 

58C 

- 

- 

- 

- 

- 

5ao 

580 

580 

340 

340 

310 

3LO 

580 

:BO 

>h'l 

in0 

- 

" 

- 

P .  
.Nlill 

3L5 

3 L 5  

315 

345 

689 

689 

689 

I 030 

689 

1010 

1030 

IO30 

- 

1720 

1120 

720 

120 

315 

689 

I O M  

1720 

3L5 

3 4 5  

345 

3&5 

3L5 

345 

3 L 5  

3L5 

681 

689 

689 

b89 

689 

669 

089 

689 

0 30 

030 

0 30 

030 
030 
030 

030 

0 30 

120 

120 

120 

720 

120 

120 

120 

120 

- 

- 

- 

- 

- 

." 

1.9RO - 0 . 0 6 L  - 0.OOlt 

1.9RO - .ObL - ,0016 

1.9RO - ,064 - .0016 

I I . 8 R O  - . 06L  - ,0016 

1.9RO - ,064 - ,0016 

1.9RO - ,064 - ,0016 

1 1 . 8 R O  - ,064 - .OOlt 

1.9RO - ,064 - .0016 

1.9RO - .ObL - ,0076 
1 . 9 R O  - . 0 6 L  - ,0076 

11.810 - . 06L  - ,0016 

7.9110 - .Ob4 - ,0016 

1.9RO - .Ob& - ,0016 

7.9RO - ,066 - ,0016 

1 1 . 8 R O  - ,064 - ,0016 

1.9RO - ,064 - .OO7b 

7.9RO - 0.064 - 0.0016 

1.9RO - . 06L  - .DO16 

1.9RO - ,064 - ,0016 

1.9RO - ,061 - ,0016 

1.9RO - 0.066 - 0,0076 

1.9RO - ,071 - .DO16 

I5.BAO - . 06L  - .OOlO 

NO design 

" 

15.8RO - .09L - .0016 

) . P R O  - . 104 - .0016 

ku des ign  

NO deSiqn  

1.9110 - O.r)6L - 0.0076 

1 5 . B h O  - .Ob4 - ,0016 

7.9hU - .O11 - ,0016 

Nu design 

15.8dO - ,392 - .a016 

7.YRlI - ,101 - ,0076 

no delilln 

liu d e l i  gn 
" - 

7.9RO - 0.061 - 0 .OOlb  

1.9RO - .071 - . O O i O  

1 5 . 8 R C  - ,064 - .a076 

'do d e l i g n  

7.9110 - . I O 1  - ,0076 

15.8RO - .09L - .COJC 
No d e r i g n  

No des i  pn 
- -. -. - - - - 

1 . 9 R O  - 0.Obr - 0.0010 

1 . 9 R O  - .011 - .OOlb 

15.8RO - ,064 - ,0076 

10 d e s i g n  

15.P90 - ,096  - .OOlb 

1.9RO - . I O '  - ,0076 

'lo dr,igri 

40 d. ... ign 

~ 

kn/m 
PCI. 

- 
2 3 x I  

2280 

2 x 0  

2 3 1 0  

2330 

2300 

2280 

2310 

2330 

2300 

2280 

2310 

2330 

2300 

2280 

2310 

2760 

2160 

2160 

2160 

5380 

A340 

593J 

- 

" 

5L50 

6890 

5 580 
L3L0 

5930 

5L50 

5890 

.- . 
5360 

L ~ C O  

5930 

5150 

5 R Y I  

- .. 
,380 

L J A O  

5930 

5150 

2 9 0  

- 

~ 

TDHW 
'I 

823 

935  

1025 

I092 

823 

1025 

935 

1092 

823 

935 

1025 

1092 

823 

935 

1025 

1092 

956 

956 

956 

956 

88 I 

1061 

1003 

- 

- . .  

986 

1050 

1503 

88  I 

l ob1  

10'0 

980 

88 I 

IOOJ 

IO61 

980 

1050 

- 

1005 

88 I 

IO61 

986 

os0 

- 

8Iuminum 
heat 

IC, kglm' 
"change 

1.81 

1.81 

1.81 

1.81 

1.81 
1.81 
1.81 

1.81 

1.81 

1.81 

1.81 
1.81 

1.81 

1.81 

1.81 
1.81 

~- - 

_- 
1 . 3 1  

1.81 

1.81 
1.81 

1.81 

1.81 
1.81 
1.81 

1.81 

1.81 
1.81 

1.81 

1.81 
1.81 

1.81 
1.81 

1.81 

1.81 
1 . 8 1  

1.81 

. . _  - 

. 

1.81 

1.81 

1.81 

1.81 
1.81 

1.81 

1.81 

1.8' 

1.81 

1 . 8 '  

1.81 

1.81 

] . a 1  

1 . 8 1  

1.81 
1.81 
" 

lastel lo,  
X 

hear 
!xchange, 
a t ,  kglm' 

3.52 

3.52 

3.52 

3.52 

3.66 

3.52 

3.52 

3.66 

3.52 

3.52 

3.52 

3.66 

3.52 

3.52 

3.66 

3.52 

3.52 

3.52 

3.52 

3.52 

3.52 

3 .51  

3 . 8 1  

~ 

. . " 

3.11 

A .  16 

" 

3.52 

3.81 

3. 51 

3 .11  

4 .  I 6  

3.52 

3 . 5 1  

3.81 

5 . 1 1  

1 .  Ib 

~- 

3.57 

3.52 

9 . 8 1  

3.71 

4 .  Ib 

~ 

lnconc 

p m e 1  
718 

w r ,  
kg/!' 

A .  40 

4. 15  

4. 50 

4 . 9 L  

1.10 

I .  45 

4 .  50 

4 .  94 

I .  40 

1 . 4 5  

1 . 5 0  

4 .  91 

4 .  LO 

1 . 4 5  

1 .50 

4. 94 

4.45 

4.45 

1.45  

1 .15  

4 . 4 0  

L .  15 

L .  50 

4 .  LO 

L . 9 L  

L .  45 

1 . 5 0  

1 .  91 

L . L O  

4.45 

1 .  50 

L . 9 1  

A. I d  

4. 45 

1 .  50 

P.96 

4. LO 

1.  4 5  

4.50 

2.96 

L. LO 

L . 4 5  

1.. 50 

L.94 

- 

~ 

" 

~~ 

Alum 
""" 

pane 
*t, 

kglm 

2. b9 

2.69  

2 .69  

2 .69  

3.27 

3.27 

3 .21  

3 . 2 1  

3.86 
3.86 

3 . 8 6  

3.86 

5.91  

5.91 

5.91 

5.91 

2.69 

3 .21  

5.91 

3 . 8 b  

2.69  

2.69 

2. b9 

2.69  

2.69 

2.  b9 

2 .  b9 

2.  b9 

3.21 

3.21 

3.21 

3 .21  

3 .21  

3, 21 

5 . 1  I 

5.21 

3 . 8 b  

3.86 

~ ~~ 

~-~ 

.. - 

" 

3,  8a 
.>.ah 

3 . m  

1.86 

3 . 8 6  

3 .  8b 

5.91 

5 . 9 1  

5 . 9 ,  

5 .91  

5.91 

5.91 

5.91 

5 . 9 1  

" - 

"Cor  

bean 
111 

* L ,  
kg ln  

I . l i  

1.4; 

1.4; 

1.1;  

I. 1; 

1.11 

1 . 4 1  

I, 1; 

1 . L ;  

1 .4 ;  

1.4; 

I . l i  

1.11 

1.11 

1.41 

1.11 

1.41 

I . L l  

1.11 

1.61 

1.11 

I . L l  

1 .11  

I . A l  

1 .41  

1.17 

I . L l  

1.17 

1 .11  

1 . 4 1  

1.11 

1 . 1 7  

1.11 

1 , L l  

I. L l  

1.17 

1.11 

I ,  11 

1.11 

ILL7 

1.11 

1.17 

I . L l  

ILL1 

1.41 

1.11 

. 1 1  

. 41 

. A 7  

. L l  

. L l  

.11 

- 

~ ~ 

- 

.. 

" 

litmiurn> 
beam 
ut,  

kglnm' 

5.38 

5.38  

5 . 3 8  

8.31 
5.38 

8.31 

8.31 

8.31 

10.70 

10.10 

10.70 

10.10 

IL .10  

16.10 

11.70 

IL .10  

5.38 

8.31  

10.10 

I L . 1 0  

5.38 

5.38 

5.38 
5 . 3 8  

5.38 

5.38  

5.38 
5 . 3 8  

8.31 

8.31 
8.31 

8 . 3 1  

0 .31  

8.31 

8.31  

8.31 

10.10 

10.10 

10.10 

10.10 

IO. 10 

10.10 

10.70 

10.10 

11.70 

I L .  10 

11.10 

11.10 

IL.10 

11.10 

I C .  10 

14.70 

. 

~~ 

-~ 

_" 

- 

.~ 

Clil 

kg/# 

2.Y 

2 .  7 '  

2 . 31 
2. 3' 

2. 5' 

2. 3' 

2 .  3! 

2 .  3' 

2 .  5 '  

2,3! 
2. 3! 

2. 3' 

2 , 3 !  

2. 3! 

2 .  3! 

2 .  3! 

2 .  3! 

2. I! 

2.31 

2. 3! 

2. 3! 

2 .  3! 

2 , 3 !  

2 .3 :  

2. I! 
2.3: 
2.3: 
2.3! 

2.35 

2 .3 :  

2.35 

2.35 

2.1: 
2.35 

2.35 

2.35 

2.35 

2.35 

2 .35  

2.35 

2.35 

2.35 

2.35 

2.35 

2.35 

2.35 

2.35 

2 . 3 5  

2.33  

2.35 

2 . 3 %  

?. 35 

Y t  

" 

- 

- 

- 

- 

3 . 8 6  

3 . 8 6  

3.86 
3 . 8 b  

3 . 8 6  
~ 

3.91 

L.05  

4.5L  

A. 20 
1 . 2 5  

4 .  A0 
1 . 9 L  

3 . W  

3.91 

1 . 0 5  

1 . 5 1  

A ,  20 

6 . 1 0  

1 .25  

. "~ 

1.94  - 
3.86 

1 . 0 5  

3.91 

L . 5 4  

1.20  

1 .25  

1 .  LO 

' . 9 L  

3 . 8 b  

3 . 9 1  

L.05 
L.5' 

L .  20 

L.25 

L. LO 

L.91 

" 

iea 

l g l r  
" t ,  

). 21 

. I (  

.2( 

.2( 

.2( 

.2( 

.2( 

.2( 

. 2( 

.2( 

.2( 

.2( 

.2( 

.2c 

.2c 

.2c 

.2c 

.25 

.31 

.31 

.2c 

.2c 

.20 

.20 

.20 

.20 

.20 

.20 

.29  

.29  

.29  

.29  

.29 

.29 

.29  

. 2 9  

. : L  

- 

- 

- 

- 

. J1 
,31 

. 3 4  

.3 '  

. 3 1  

.1' 

. - 9  

. 3 9  

. .'9 

, I 9  

, 19 

, 19 

, 3 9  

: 9  

." . 

rote 
ut.  

k g l n  

2 5 . t  

25.1 

25. 1 

26.5 

29 .  I 

29.2 

29.2 

30.C 

32. I 

32.2 

32.2 

?2.5 

38. 2 

38. 2 

38.3 

39 .0  

25.1  

29.3 

32. 4 

38. 5 

25.1 

25.8 

06.1 

" 

- 

- 

26.2 

3 . 8  

" 

!9 .  - 
29.1 

! 9 . 9  

!9.8 

IO. L 

" 

i 2 .  1 

12.5 

r2.9 

12.8 

13, 4 

.- 
88.1 

8.6 

89, 0 

9 .5  

8 .9  

." . - 

Hydrogel 
rete,  

kgls-rn'  

0.0532 

,0156 

,0112 

.031 

,05'.2 

" - 

,0412 

,0381 

,05:2 

,0412 

,0456 

.0581 

,0532 

,0156 

,0384 

,0112 

0 .0912 

,0912 

.a912 

,0912 
~ 

0.2bb 

,228 

.206 

. I92 

,532 
. 45b 

. I l i  

,384 

0.2bC 

,218 

,206 

,532 

, I92 

.15b 

, 6 1 2  

.:EL 

0.26b 

,228 

,lot 
. I92 

,5 32 

. I 5 6  

. L I Z  

" 

0.2.32 

.5?2 

, 1 1 2  

108 



A 

P 

BK I 

BK2 

BK3 

B K4 

TABLE 15 

L I S T  OF V A R I A B L E S  
a. INPUT 

- Beam span, a 

- Uni fo rm  normal   p ressure ,  p 

- Facesheet  buckl i n g   c o e f f i c i e n t ,  K ,  

- Web b e n d i n g   b u c k l i n g   c o e f f i c i e n t ,  K 2  

- Web s h e a r   b u c k l i n g   c o e f f i c i e n t ,  K3 

- F l a n g e   b u c k l   i n g   c o e f f i c i e n t ,  K 4  

SAFACT - S a f e t y   f a c t o r   o n   l o a d  

TCMIN - Minimum  panel 

TFMIN - Minimum  panel 

H M I N  - Minimum  panel 

STRPL - Pane l   a l l owab l  

EMODPL - P a n e l   e l a s t i c  

DENSPL - Pane l   ma te r ia l  

f i n   t h i c k n e s s ,  tcmin 

faceshee t   t h i ckness ,  tfmin 

he igh t ,  hmin 

e s t r e s s ,  u 

modulus, E 
P l  

P I  

dens i ty ,  y 
P I  

STRBM - Beam a l l o w a b l e   s t r e s s ,  u bm 

EMODBM - Beam e l a s t i c  modulus, Ebm 

DENSBM - Beam mater id1  d e n s i t y ,  ybm 

HPL 

BFPL 

TCPL 

TFPL 

HBM 

BFBM 

TWBM 

TFBM 

WTP L 

WTBM 

C 

CA L 

b. OUTPtiT 

- Panel   he ight ,  h 

- Panel f i n  spacing, b f  

Panel f i n   t h i c k n e s s ,  t 

- pane l   facesheet   th ickness :  t .7  

- Beam h e i g h t ,  h 

- Beam f l a n g e   t o t a l   w i d t h ,  bF 

- Beam web th i ckness ,  t W  

- Beam f l a n g e   t h i c k n e s s ,  t F  

- Pane l   we iqh t  

- Bear11 \4e i g h t  

- Optimum beam s p a c i n g  

- A d j u s t e d  beam s p a c i n g  
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TABLE 16 

PANEL AND I-BEAM  WEIGHT  CALCULATION, SOURCE-DECK L I S T I N G  

110 
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TABLE 16. Concluded 

PANEL AND I- BEAM WE I GHT CALCULATION, SOURCE-  DECK L I S T I N G  

W R l T E  OUTPUT  TAPE 42;ZOlS;HNIN 

W a l T E  OUTPUT  TAD€ 4 2 ~ 7 0 1 7 ~ S T R P L ~ S T R R M  
W R I T E  OUTPUT  TAPE ~ ~ ~ ~ O ~ R . F M O O P L I F M O ~ R M  
WRITE OUTPDT-TAPE 42~2019rOENSPL~bENSBR 
WRITE OUTPUT  TAPE 42~2020rWTPL 

WRITE OUTPUT TAPE 42.2022 
W Q I T E  OUTPUT T A P f  42.2023 

U R I T E  OUTPUT TAPE 42.2025~8FPL 
d R I T E  OUTPUT TAPF 42.7'374vHPL 

WRITE OUTPUT TAPE 42.2026rTFPL 
W P I T E  OUTPUT TAPE 42rZ027,TCPL 
WRITF OUfPUT TAPE 4 2 ~ 7 0 2 %  
W Q I T E  OUTPUT T A P F  47.702Q~HRY 
W U l T F  OUTPUT TAPE 47.203nrPFRM 

URlTE OUTPUT TAPE 42~2032rTWRW 
WRITE OUTPUT TAPE 4212031.TFRM 

I F l K  - 1) 111. 112,  112 

w R f T E  OUTPUT  TAPE 42.?016 

WRITE OUTPUT TAPE ~ ~ . Z ~ Z I . W T B W  

112 WRITE OUTPUT TAPE 42.2013 
I l l  GO TO 102 
Inn CPLL FXIT 

f NO 111 

! 



TABLE 17 
SAMPLE CALCULATION - PANEL AND 1-BEAM  WEIGHTS 

P A N E L   A N D   R E A M  CALCULATION 
"" 

C E N C F T  3 
- 

INCD R E A M S ,  P A N E L  AT 1140F 

APPLIEP V o R M A L  PRESSUREt PSf = 100.00 
SAFFTY FACTOR ON  LOAD . - 1.50 - 

." " 

R E A M  SPAN, I N  = 24.000 

F L C E  S H E E T   P t J C K L I N G   C O E F F I C I E N T  = 3. 62  
.'WEB R c N D x G   B U C K L I N G  C O E F F I C I E N T  = 21.70 
WE9 S H E A Q   R U C K L I N G  C O E F F I C I E N T  '= A.10 
i L A F l G E   B l I C K l I N G  C O E F F I C I E N T  - - 0 . 3 P 5  ." 

M r P I r w M  PANEL FIN THICKNESS, IN r 0 00300 

P A N E L  B E A M S  
" 

A L L O W A B L E   S T R E S S ,  PSI = 130000.00 130c10O.Or) 
E C A S T T  C WClDULUSt P S  I (MILL TONS 1 24 00 24.~10 
M A T E R I A L  D E N S I T Y ,  P O U N O S / C U B I C  I N  = 0.297 0.2Q7 

- 

P A N F L  WCIGHT, P O U N D S / S Q U A R E   F T  = , ,  1.106 
BEAM  WEIGHT,   POUNDS/SQUARE FT - 3.194 

-.- "" 

" 

STPIJCTCJRF  DTMENSIUNS NOTE : 

<*, . . ,, r . .  . .,,... , .. . - . . 
"" 

PANF'L 
I in. = 2 .54  cm 

WE3 T H I  CKNESSv I N  W 
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TABLE 18 

RECTANGULAR-WEB-CORE  PANEL  OPTIMIZATSON  SOURCE-DECK L I S T I N G  

C WFR C O R E  SANDWICH PLATE O P T I M I Z A T I O N  - REAM  THEORY 
c I D E A 1   E L A S T I C - P L A S T I C   A N A L Y S I S ( E T A = l I   , K 3 = 8 o l  
C A N A L Y S I S   B Y   W o G o F L I E D E R  AND C o E o P I C H A R D  

L O O 1  FORMAT ( 1 1 9  1 9 A 4  1 
1002 FORHAT ( 6F10.4, I LO) 

102 R E A O ( 5 r 1 0 0 1 ) I J  

LO1 R E ~ D ( 5 ~ 1 0 0 2 ) V M D H 2 v O M D H Z ~ V K 2 ~ V K l ~ E ~ ~ I G Y ~ M D H 2 1  
IF( I J-11 LOO r l O l r  L O O  

LOO3 F O K M A T ( I H ~ T  14X~36HWF6 COPE SANDWICH O L A T F   O P T I M I 7 A T I O N / / / )  
2004 F O R M A T ( 2 0 t i   Y T F L D t S T R E S S  PSI = , F 7 . 0 , 8 X I 8 H E p P S I  = v F 9 o O )  
1005 F O R M A T ( 6 H  K 1  = , F 5 o 2 ~ 5 X , 5 H K 2  = ,F5o2,5X,6HK3=8.1//) 
1006 F ~ ~ R H A T ( ~ X ~ ~ O H S T R E S S , P S I T ~ X ~ ~ H E T A ~ ~ X ~ ~ H M / H ~ T P S I ~ ~ X ~ ~ H T F / T C ~ ~ X ~ ~ H H / ~  

L F ~ ~ X , ~ ~ H T B / H R T I N / L B ~ / ~ , Z X , ~ H P R E S S , P S I / )  
1007 FORMAT(2X,F7o0 ,3X ,F6 .4r3X l f7 .2 r3X IF6 .4r3X ,F6o4~3X,F9o7~6X,F8oZ)  

H R I T F ( 6 p 1 0 0 3 )  
WRITE(6,L004! S I G Y T E  
U R T T F ( 6 ~ 1 0 0 5 ) V K l v V K 2  
W R I T E ( 6 ~ 1 0 0 6 1  
F T A = l  
D F L T A = S Q R T ( V K ? / V K L )  
TFDTC=SQRTIDELTA*.774292) 
H C B F = D E L T A / T F D T C  
F 2 = T F D T C + H O B F / 6 o  
DO 50  I = l , M D H 2 1  
X T = I  
XMDH2=VMDHZ+(XI-l. )*I IMDHZ 
SIGOP=ETA**o1666667*(XXMDli2~XMDH2*VK2*E/(F2~F2))~*o3~3333 
I f ( S I G O P - S I G Y ) l O T 1 0 , ~ 0  

10 TEML=2.*TFDTC+HDBF 
T F M 2 = 2 o * T F D T C / H D R F + l *  
T R D M R = T E M l / ( V K 2 + V K 2 * E T A ~ F 2 * F ~ ~ X M D H 2 ~ E ~ F ) ~ ~ . l 6 6 6 6 6 6 7  
Gn T O  70 

30 A=XMDH2*SQRT(VK2*E)*ETA**.1666667/SIGY**lo5 
TFDTC=o5* (A+SQRT(A*A-o666667*DELTAl )  
H D B F = D E L T A / T F D T C  
F?=TFDTC+HDBF/6.  
TEMl=2.*TFDTC+HDBF 

SIGOP=STGY 
T B ~ H R = T F M l * S Q R T ( X M D H 2 ) / ( F 2 * S 1 G O P l  

T E M 2 = 2 o * T F D T C / H D R F + l .  

70 IF(SIGOP-o0713*SIGY*VK2~71~71v75 
71 T A t J S I G = 8 a l / V K 2  
77 P = O o 5 ~ T A U S I G * T A U S I G * T E # t * T E M Z * X M D H 2 / ~ F 2 ~ f 2 ~ T ~ M 2 ~ T F M 2 )  

GO TO 90 

GO TO 72 

50 CONT lNUE 

75 T A U S I G = O o 5 7 7 * S T G Y / S I G D P  

90 W R I T E ( ~ ~ ~ ~ O ~ ) S I G O P , E T A ~ X M D H ~ , T F D T C ~ H D B F , T ~ D M R T P  

GO T O  102 

END 
LOO STOP 
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TABLE 19 

T Y P I C A L  COMPUTER  OUTPUT 

HEB CORE S A N D W I C H   P L A T E   O P T I M I Z A T I O N  

Y T E L D  STRESS, P S I  = 130000. 
Y 1  = 3-42 K2 = ?1.70 

S T R € S S r P S T   E T A  

229640 
36453. 
47767, 
57  866 
67147, 
75  826. 

91556. 
84033 

99 360 
106590. 
11 3583. 
120366. 
126963. 
130000. 
130000. 
130000* 
130000o 
130000 
130000. 
130000 
130000. 
130000 
130000. 
130000. 

Notes ( 1 )  

1. 0000 
1 . 0000 
1.0000 
1.0000 
1 . 0000 
1.0000 
1.0000 
1. 0000 
1.0000 
1 .oooo 
1 .0000 
1. 0000 
1 .0000 
1 .on00 
1.0000 
1. OOOC! 
1. 0000 
1.0000 
1. 0000 
1 . 0000 
1 . 0000 
1 . 0000 
1. 0000 
1. 0000 

M / H 2 r P S T  

250.00 
500 . OC 
750.00 

1000.00 
1250.00 
1500.00 
2750.00 
2 000.00 
2250.00 
2500.00 
2750 00 
3000 00 
3250.00 
3500 00 
3750.00 
4OCO. 00 
4250.00 
4500.00 
4750.00 
5000.00 
5250.00 
5500 00 
5750.00 
6000.00 

I p s i  E 6.89 kN/m2 

E r P S I  = 25000000- 
K3=R . I 

T F   / T C  

1 . 3769 
1 . 3769 
1 3769 
1 3769 
1 3769 
1 3769 
1.3769 
1.3769 
1 3769 
1,3769 
1 3769 
1 3769 
1 3769 
1.4597 
1.6100 
1.755 2 
1.8968 
2 0 0357 
2 1725 
2.3078 
2.4417 
2 5746 
2  0706  5 
2,8377 

H / B F  

1.7782 
1,7787 
1.7782 
1.7782 
1.7782 
1.7.782 
1 7782 
1.7782 
1 0 7782 
1,7782 
1 7782 
1,7782 
1,7782 
1 6774 
1.5207 
1.3949 
1.2908 
1 2027 
1 . 1270 
1.0609 

0.9510 
1.0027 

0 9046 
0 8628 

TB/MR, TN/Lt31/2 P R E S S r P S I  

0.0018648 19.67 
0.0016614 39.34 
0. 00 15528 59-01 
Oo0014801 78.68 
OoOOl.4261 98.35 
0 00  13834 119.02 
0.0013483 137.69 
0.0013186 157.37 
0.0012930 177.04 
0.0012705 196.71 
O.CO12505 216.38 
0.0012325 236.05 
0.0012261 255.72 
0.0012028 726 . 79 
0.0011984 173 099 
OoC012006 137.24 
0.0012073 110.61 
0.0012171 90.69 
0.0012291 75.44 
0.0012427  61.51 
0.0012575 54. 03 
0.0012733 46.39 
0.0012897  40.15 
0.0013066 35.00 
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TABLE 20 

TRIANNLAR-WEB-CORE  PANEL  OPTIMIZATION SOURCE-DECK L I S T I N G  
C T R I A N G U L A R  CORE S A N D W I C H   P L A T E   O P T I M I Z A T I O N  - B E A M   T H E O R Y  
c 
C 

I O E A L   E L A S T I C - P L A S T I C   A N A L Y S I S ( E T A ~ l l r K 3 = 8 . 1  
A N A L Y S I S   B Y   W . C . F L I E D E R  

I001 FORHAT(  I l r  19A41 
1002 F O R H A T ~ 6 F l 0 ~ 4 r I l O l  

102 R t A D ( 5 r  1001) I J  
I F ( I J - 1 ) 1 0 0 ~ 1 O l r 1 0 0  

1 0 0 3  F U R H A T ( l h l r l O X ~ 4 3 H T R l A N G U L A R  C O R E   S A N D W I C H   P L A T E   O P T I M I Z A T I O N / / / )  
1004 F U H H A T ( Z 0 H   Y I € L D   S T K E S S r P S I   r F 7 . 0 1 8 X r 8 H E * P S I  = rF9.0) 
1005 F O R M A T ( 6 H  K I  r F 5 . 2 r 5 X r 5 H K Z   r F 5 . 2 r S X r b H K 3 = 8 . 1 / / )  
1006 F O R H A T ( l 1 H  S T R E S S r P S I r 3 X r 3 H E T A r 3 X I B H W / H Z r P S l r 3 X r 5 H T F / T C ~ 5 X * 4 H H / ~ F ~  

101 R E A O ~ 5 ~ 1 0 0 2 l V M O H 2 r D M D h 2 r U K 2 r U K l ~ E r S l G Y r M D H Z l  

l Z X . I 4 H T M / M R r   I N / L B l / Z   v 2 X r Y H P R E S S r P S I   . 3 X r 9 H T H k T A r D E G / )  

1 1 )  
1007 F O R M A T ( F 9 . 0 r 3 X r F 6 . 4 r  3 X r F 7 . 2 r 3 X r F 6 . 4 1 3 X r F 6 . 4 r 3 X 1 F 9 . 7 1 6 X . F B . L , 4 X , F ~ .  

k R I T E ( 6 r 1 0 0 3 )  
k R I T E ( 6 r l O 0 4 ) S I G Y r €  
k R I T E ( 6 r 1 0 0 5 l V K I ~ V K Z  
k R I T E 1 6 r 1 0 0 6 )  
E T A = l .  
D E L T A = S O k T ( V K 2 / V K l )  
TMl=32 .+DELTAt48 . *DELTA*OELTA 
TM2=2. -16 . *DELTA 
C U S T H = S O R T ~ ~ - T M Z + S O R T ~ l M 2 * T M Z + 4 . * T M l ~ ~ / ~ Z ~ * T M l ~ ~  
S I N T l i = S Q R T (   1 . - C O S T H * C C S T h )  

T F C T C = 2 . * G E L T A * C O S T H  
T H E T A = A R S I N I   S l N T h ) * l 8 0 . / 3 . 1 4 1 5 9 2 6  

H D E F = S I N T H * O E L T A / T F O T C  
F 2 = 2 . * D E L T A * C O S T h + l . / ( 6 . * C O S T H )  
00 50 I = l r M D H 2 I  
X I =  I 
X M O H 2 = V M D k 2 t ( X I - l . ) * D H D H 2  
S I G O P = E T A * * . l 6 6 6 6 6 6 7 * ~ X M O H 2 * S I N T H / F 2 ~ * * . 6 6 6 6 6 6 7 * ~ V K Z * E ~ ~ * . 3 3 3 3 3 3 3  
I F ( S 1 6 0 P - S I G Y ) I O ~ I O s 3 C  

10 T E M l = 4 . * C E L T A * C U S T H + I . / C O S T H  
T B D M R = T E M I / (  ~ E T A * X M U H 2 ) * * . 1 6 6 6 7 * ~ V K Z * E * F 2 ~ * * . 3 3 3 3 3 * S I N T H * * . 6 6 6 6 6 ~  
GO TO 70  

3U S l G U P = S I G Y  
A = E T A * * . 3 3 3 J 3 3 3 * X M D H 2 * ( V K 2 * € / ( S I G Y + S I G Y ) ) ~ * . 5  
A l = 1 4 4 . * C t L T A * C E L T P + 3 6 . + A * A * A  
A2=24.*DELTA-36. *A*A 
I F ( A 2 I   3 1 r 3 5 r  3 5  

35 k R I T E ( 6 . 3 2 )  
3 2   F O R M A T ( 2 C X , 2 9 H C U A O R A T I C  R U O T S  ARE l M A G I N A H Y l  

33 C O S T H = S O R T ~ ~ - A Z + S C H T ~ A 2 * A 1 ) ) / ( 2 . + A I ~ l  
31 I F t A 2 * A 2 - 4 . * A l l 3 5 r 3 3 r 3 3  

GO TO 1 0 2  

F 2 = 2 . * D E L T A * C O S T h t 1 . / ( 6 . * C O S T H )  
TEMl=4.*CELTA*COSTH+I./COSTH 
T U D H R = S ~ K T ~ X M O H Z ~ * T E M l / ~ F Z * S I G Y ~  
T F D T C = L . * D E L l A * C O S T H  
H C E F = S O R T (  I . - C O S T H * C O S T H ) * D t L T A / T F D T C  
T H € T A = A R C O S ( C O S T H ) * 1 8 C . / 3 . 1 4 1 5 9 2 6  

7U IFISIGOP~~0713+SIGY*VKZ~7Ir7Ir75 

72 P = . 5 * T A U S I G * T A U S I G * T E M l * T € M l * X M D H 2 / ~ F 2 * F 2 * ~ Z . * T F ~ T C * C ~ S T H + l . ~ * * 2 . ~  
71 T A U S I G = 8 . l / V K 2  

75 T A U S I G = . 5 ~ 7 * S I G Y / S I G O P  
GU T O  90 

GO T O  72 

5 0  C O N T I N U E  
90 YRITE(6r1007) S I G O P r E T A r X M D H Z r T F O T C r H D B F ~ T 8 D ~ R ~ P r l H E T A  

GO TO 102 

E N D  
IC0 S T O P  
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TABLE 22 

GEOMETRIC  PROPORTIONS  AND  MATERIALS OF 
STRUCTURAL  ELEMENTS AND WEIGHT SUMMARY FOR 

CONCEPT I FOR THE  FOLLOWING  CONDITIONS 

4 = 2 ft (0.61 m) Coolant  outlet  temperature = 1600'R (889OK) 

w = 2 ft (0.61 m) Normal  pressure = 6.95  psi (48 kW/m ) 

Coolant = hydrogen  Uniform  heat  flux = IO Btu/sec-ft (116 kwh2) 

Coolant  inlet  pressure = 300 psi (2070 kN/m ) Fin conductivity = IO Btu/ft-hr-OR  (17.3 W/W°K) 

2 

2 

2 

Waspaloy  panel I Inconel 718  beams I Inconel 718  attachment  clips 

hfin = 0.075 in. (0.191 un) h = 1.46 in. (3.70  cm) 

b~ = 0.605 in. (1.54 un) bfln = 0.050 In. (0.127 cm) 

Developed  length = 2.605 in. (6.61 un) 

Beam  spacing = 7.77  in.  (0.198 m) t ~ =  0.035 in. (0.0879 cm) tf = 0,010 In. (0.0254  cm) 

t = 0.010 in. (0.0254 cm) 

~~~ 

tfin = 0.003 in. (0.0076 cm) 

Wt = 1.27  Ib/ft  (6.20  kg/m ) 

tw = 0.027 in. (0.0675 an) 

Wt = 0.18 Ib/ft2 (0.88 kg/m ) Wt = 0.46 Ib/ft  (2.24 kglm2) 2  2  2  2 

I 
Hastelloy X inlet 

.C = 3.25  in,  (8.15 cm) 

hfln = 0.025 in. (0.063 un) 

bfin = 0. 100 in. (0.0076 crn) 

tfln = 0.003 in. (0.0076 un) 

tf E 0.010 in. (0.0254 un) 

W t  = 0 . I L  Ib/ft  (0.68 2 

kg/m2) 

Manifolding 

Hastelloy X outlet I Inconel  718 piping 

C = 3.25 in. (8.15 cm) t = 0.030 in. (0.076 an) 

hfin = 0.025 in, (0.063 Diam = 1.75 in. (4.44 un) 
4 

bfin = 0.100 in. (0.0254 
cm) 

. 4  

cm) 

tfin = 0.003 in. (0.0076 

tf = 0.010 in. (0.0254 

Wt = 0.14 lb/ft (0.60 2 I Wt = 0.30 lb/ft (1.45 2 

kdm2) k d m  2 

t 
Average  thickness = 0.0130 in. 

(0.033 an) 

Total  manifold  wt = 0.58 ib/ft2 (2.83 kg/m ) 

Total  weight = 2.55  lb/ft2  (12.45  kg/m2) 
Coolant flo;! rate = 0,00187  Ib/sec-ft2 (0.00915  kg/s-m2) 

2 Wt = 0.06  Ib/ft  (0.29  kg/m ) 2  2 
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TABLE 23 
1 

CONCEPT 1 DETAILED WEIGHT SUMMARY 

a. Fin gmmatry; 20 f lr)s/ln ( 7 . 8 8  flns/cm) and  0.00s in. ( 0 . 0 0 7 6  en) thickness 

I I I I I 
' 1 0 0  h r  a Oal  I ' a 1  I 

Beam Total Pane I C I  Ip  
w gl# H l #  

kWm' k r l  kH/m' k5i kN/m' Ib / f t  % Ib/ fS9  kg/m' lb/f$ kg/m' kg/m' I b / f t  m In. w q 9 u  q 9  

609 x IO '  > oy > a y  93.5 641 x IO' 

9.31 1.908 6.68 1.569 .65 . I 2 9  2.00 . & I O  .284 11.18 609 9 2 . 0  6% 8 7 . 5  603 
9-13 1.869  6 .31  I.=& .69 . ' G I  2.07  .424 .259 10.19 609 9 3 . 0  611 8 7 . 1  604 
8.98 1.8S9 6 . 0 5  1.240 .77 . I 5 7  2.16 ,442 .229 9.01  689  94.0  617 88.0 606 
0.89 1.820 5.74 1 .116 .88 .I80 2.21  .4& . I 9 1   7 . 7 1  689 98.0 675 x IO' 89.0 615 

8.90 1.824 5 . 4 3  1 . 1 1 2  1.05 -216 2.42 .49e .163 6.60 > ay > ay 90.5  624 
9 . 2 6  1.895 5.12 I .W8 1.44 0.294  2 .70  0 .553  0 .117 4.60 

b. Fin geomstry; 30 f i nd in .  (11.81 f inden)  and 0.003 in. ( 0 . 0 0 7 6  cm) thickness 

, 

Beam C I  Ip  
' a 1  I w= 9 u  

Pane I Total 

In. I b / f t  % Ib/ fS9  kg/m' lb/f$ kg/m' Ib/f t4 kg/m' m 
w gl# q 9  H l #  

4.60 9 . 2 6  1.895 5.12 I .W8 1.44 0.294  2 .70  0 .553  0 .117 

6.60 8.90 1.824 5 . 4 3  1 . 1 1 2  1.05 -216 2.42 .49e .163 

7 . 7 1  

9.31 1.908 6.68 1.569 .65 . I 2 9  2.00 . & I O  .284 11.18 
9-13 1.869  6 .31  I.=& .69 . ' G I  2.07  .424 .259 10.19 

8.98 1.8S9 6 . 0 5  1.240 .77 . I 5 7  2.16 ,442 .229 9.01 

0.89 1.820 5.74 1 .116 .88 .I80 2.21  .4& . I 9 1  

I I I I I 

h f ln  Tmaximum AT 
I '100 hr  

EsAT/2 
In. 

93.9 689 100 42  6.1 926 1206 3 1  66 .127 .EO 

94.8 > a > a 689 x IO' I00 36 x IO' 5 . 2  920 1196 31 5 6  0.064 0.025 

h i  kN/m' k r l  kN/m' kri kN/m' ksi 'K OF OK OF cm 
Y 

Y Y  

.0?5 

9 2 . 5  689 I00 52 7.5  936  1221 65 81 .38I . IS0  

92.7   609 100 5 0  7 . 3  9SS  1219 14 1 9  .SI8 - 1 2 5  

93.0 6 8 9  I00 48 7.0  9SI 1216 42 76 .256 .IO0 

93.2 689 100 4 7  6.8 929 1213 A0 73 . / 9 /  

L 

I Total 

b. Fin geomstry; 30 f i nd in .  (11.81 f inden)  and 0.003 in. ( 0 . 0 0 7 6  cm) thickness 

* I I I I I 

h f ln  Tmaximum AT 
I '100 hr  

EsAT/2 
In. 

93.9 689 100 42  6.1 926 1206 3 1  66 .127 .EO 

94.8 > a > a 689 x IO' I00 36 x IO' 5 . 2  920 1196 31 5 6  0.064 0.025 

h i  kN/m' k r l  kN/m' kri kN/m' ksi 'K OF OK OF cm 
Y 

Y Y  

.0?5 

9 2 . 5  689 I00 52 7.5  936  1221 65 81 .38I . IS0  

92.7   609 100 5 0  7 . 3  9SS  1219 14 1 9  .SI8 - 1 2 5  

93.0 6 8 9  I00 48 7.0  9SI 1216 42 76 .256 .IO0 

93.2 689 100 4 7  6.8 929 1213 A0 73 . / 9 /  

L 

41 I *dl I 
kH/m' in. m Ib/f t '  kg/m' lb/$ kg/m' I b / f t  

6 5 3  x IO '  4.65 0.118 0 . 5 5 0  2.69 0.290 1.42 1.080 
647 6.51 . I65 .193  2.11 .207 1.01 1.116 

6.42 8.04 .204 .A60 2.25 .I68 .82 1.272 

6 4 1  9.42 .239 .435 2.12 . I S 2  .14 1.559 

639 10.68 .271 . L I ~  2.0~ .I% .os 1.465 
6 3 1  11.84 .=I A03 1 . 9 1  .IZI 3 9  1.561 

wslqht 9U q 9 1  
1 



TABLE 24 

GEOMETRIC  PROPORTIONS AND MATERIALS OF 
STRUCTURAL  ELEMENTS AND WEIGHT SUMMARY FOR 

CONCEPT 2 FOR THE  FOLLOWING  CONDITIONS 

4 = 2 f t  (0.61 m) Coolant   out le t   temperature = 1600°R (889'K) 

w = 2 f t  (0.61 m) Normal  pressure = 100 ps i   (689 kN/m') 

Coblant = hydrogen  Uniform  heat f l u x  = 250 8 t u / s e c - f t Z  (2840 kU/m ) 

Coolant I n l e t   p r e s s u r e  = 630 psi   (4340 kN/m ) F i n   c o n d u c t i v i t y  = 10 Btu/ft-hr-OR  (17.3 U/m-OK) 

2 

2 

H a s t e l l o y  X heat  exchanger 

hfln = 0.027 in. (0.0687 cm) 

bfln = 0.050 In.  (0.127 cm) 

tf = 0.010 In. (0.02% cm) 

tfln = 0.003  In.  (0.0076 an) 

d t  = 0.72 l b / f t 2 ( 3 . 5 1  kg/rn2) 

Incone l  718 pr ime  panel  Incone l  718  beams 

h = 0.293 in.  (0.745 un) 

b F =  1.216 in.  (3.09 cm) bf = 0.258 in.  (0.656 an) 

h = 3.335 in .  (8 .48  cm) 

U t  = 3.19 i b / f t 2  (. 15.6 kg/m ) U t  = I .  I I l b / f t 2  (5.42  kg/rn2) 

tw = 0.053 in.  (0.0135 cm) tc = 0.0052  in. (0.0132 C.1 

tF = 0.072  in.  (0.0183 an) tf = 0.010 in.  (0.0254 an). 

2 
I I 

M a n i f o l d i n g  I Seals 

Haste l   toy X i n l e t  H a s t e l l o y  X o u t l e t   I n c o n e l  718 p i p i n g  

hfln = 0.050 In.  (0.127 cm) 

bfln = 0.100 in. (0.254 cm) 

tf = 0,012 In.  (0.0305 an) 

hfin = 0.142  in.  (0.361 crn) Diameter = Width.= 1.30 in. 
1.75 in. 
(4.4 cm) 

(3.3 cm) 

bfin = 0.100 in. (0.2% an) Thickness = 

tf = 0.0135, in.  (0.0343 cm) 

Average 
0.030 in. 
(0.076 crn) 

th ickness  = 
0.049 in .  
(0 .  124  cm) 

4 = 3.25 In. (8.25 un) 14 = 3.25 in.  (8.25 cm) I I 
U t  = 0.19 Ib / f t   ( 0 .93  Wt = 0.26 i b / f t 2  (1.27 Wt = 0.x) i b / f t 2  

2 
2 

kg /m2 kg /m2 ) (1.46 kg/rn ) 

T o t a l   m a n l f o l d l n g  w t  = 0.75 I b / f t  (3.66 kg/m ) 2  2 U t  = 0.23 I b / f t  
2 

( I. 12 kg/m2) 

At tachment   c l ips  

Developed  width = 
3.26 In. (8.18 cm) 

ThIckness = 0.010 in. 
10.0254 cm) 

Beam 
spacing = 4.700 In. 

(0.120 m) 

= 0.37 l b / f t 2  

( I. 80 kg/m2) 

Tota l   we lgh t  = 6.37 I b / f t  (31.1 kg/m ) 

Coolant flm r a t e  = 0.0468 lb/ f t2-sec(0.228 kg/s-m 

2 2 

2 
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TABLE 25 

GEOMETRIC PROPORTIONS AND MATERIALS OF 
STRUCTURAL ELEMENTS AND WEIGHT SUMMARY  FOR 

CONCEPT 3 FOR THE  FOLLOWING  CONDITIONS 

C 2 f t  (0 .61  m) 

w = 2 f t  (0.61 m) 

Coolant 3 hydrogen 

Coolant i n l e t  pressure = I W O  psi  (6890  W f d )  

Coolrnt outlst  turperature - 1 6 w o R  (889'K) 

Normal p r c s ~ u r c  I 250 psi  ( 1720 k N l d )  

uniform  heat  flux 500 Btufscc-ft' (5680 kwln') 

Fln  conductlvl ty IO stufft-hr-OR ( 1 7 . 3 Y / m ° K )  

Hastelloy X heal  uchanger 

Y l  = 0.Y) I b f f t '  (1.16 kgfm') ut = 0.91 I b f f t '  (4.44 kgfn') U t  - 0.85 I b / f t '  (4.15 kg/d)  

tw * 0.020 In. (0.051 cm) t z 0.W3 in. (0.0076 an) tfIn = 0.005 in. (0.0076 cn) 

t = O.Ox1 In. (0 .076  cm) t - 0.010 in. (0.0254 cm) tf = 0.010 in. (0.0254 cn) 

bF = 0.25 In. ( 0 . 6 4  cm) b - 0.258 in. (0.66 am) bfin : 0.025 in. (0.063 an) 

h - 1 . 0 0  In. ( 2 . 5 4  cm) h = 0.085 ic. (0 .216  m) hfin - 0.037 in. (0.091 co) 

Inconel 718 bema Inconel 718 support  panel 

Almlnum W1-16 heat  uchanger Alminmn W I - T b  panel Tltrnlum 5AI-2.5Sn bema 

hfin = 0.050 In. (0.127 m) h = 1.172 in. ( 3 . 0  m) h il 4.027 In. ( 1 0 . 2  cm) 

bfin I 0 .050  In. (0 .127  cn) b - 0.659 in. (1 .67  cm) bF - 1.469 in. (3 .72  cm) 

tf = 0.016 in. (0 .0406  cn) t - 0.022 In. (0 .056  cm) tF = 0.114 In. ( 0 . 2 9  cm) 

tfin = 0.006 in .  (0.0102 cn) t = 0.024 in. (0.061 M) tu - 0.084 in. (0 .21  cm) 

W t  = 0.37 lb f f t '  (1.80 kgfm') Ut * 5.01 l b l f t '  (14 .7  kgfm') Y i  = 1.21 I b l f t '  (5 .92  kglm') 

f -  

f -  

f -  

f -  

Mni fo ld lng  

Hartclloy X i n l c t  Alumlnum plplng Almlnum 6061 I n l e t  and outlet Inconel 718 plplng Hastclloy X outlet 

L = 2.25 in.  ( 5 . 7  cn) Olamstor - 1.0 In. ( 2 . 5 4  cm) L = 2.50 In. (6 .25  cm) D i a n t e r  = 1.25 in. (3.18 cn) C = 1.75 in. ( 4 . 4  an) 

hfin = 0.050 in. (0.127 cm) 

tf = O.OI35 in. (0 .0343  cm) t f  i 0.012 in. (0.0305 cm) 

tlumber o f  plpaa - I bfIn - 0.050 I". (0.127 cm) Hmber of pipes = 2 bfin = 0.100 in. (0.254 m) b f tn  7 0.100 In. (0.254 cm) 

Thlcknosr I 0.0% In. (0 .076  cm) h f I n  = 0.050 In. (0.127 cm) Thickness = 0.OY) In. (0 .076  an) hfIn = 0.193 in. (0.49 cm) 

Tota l   mn i fo ld  w t  I 0.86 I b l f t '  (4 .20  kgfm') 

U t  m 0.m I b / f t '  ( 0 . 2 9  kglm') wl 0.12 l b f f t '  ( 0 . 5 9  kgfm') Ut = 0.43 l b f f t '  (2 .10  kgfm') ut = 0.15 I b f f t '  ( 0 . 7 3  k g l d )  ut % 0.10 l b l f t '  ( 0 . 4 9  kgfm') 

tf E 0.016 In. (0.0406 cm) tfin = 0.007 in. (0.0178 cm) tfln = 0.0055 in. (0.014 an) 

tfin DI 0.004 In. (0.0102 cm) 

Attachnencs 
Alumlnum seals 

Inconel 718 Alunlnm AIminun 

Bean spaclng = 6.0 in.  (0.152 cn) 

Ut A 0.08 I b l f t '  ( 0 . 3 9  kglm') ut 2 0.12 l b l f t '  ( 0 . 5 9  kg/m') Ut = 0.07 l b f f t '  ( 0 . 3 3  kgfm') ut = 0.20 Ib / f t '  (0 .98  kgfn') 

Uldth - 0.80 In. ( 2 . 0 3  cm) Flange wldth I 1.47 In. ( 3 . 7 4  cm) Flange width = 0.25 in. ( 0 . 6 3  M) Flange width = 0.25 in.  ( 0 . 6 3  cn) 

Average thlcknesa % O.Ob7 In. :0.17 c-' Bean spacing 5.19 In. (0 .132  cm) Bean spaclng = 6.0 in. (0 .152  cm) 

Total a t tachxn t  w t  .- 0.39 I b l f t '  (1.91 Lg/n') 

Total re igh t  I 7.98 I b f f t '  ( 3 9  kgfm') 

Coolant flw rate = 0.0935 Ibfsec-ft' (0 .456  kgfs-m') 
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Concept 1 . -  Rectangular  single-pass  f low 

Concept la.-   Rectangular flow fo lded- in -wid th  

F igure  3. Concept 1 .  - I n t e g r a l  
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Heat  exchanger7 
I n s u l a t i o n  7 

s t r u c t u r e   ( t y p i c a l )  
I-beams ( t y p  i ca 1 ) 

Heat  exchanger 

Concept 2 .  Rectangular  single-pass  Concept 2b. k e c t a n g u l a r   w i t h  
flow i n s u l a t i o n  

Heat  exchanger 7 

Concept 2a. Rec tangu lar   fo lded-  
i n - w i d t h  Concept  2c. Tubular   s ing le-pass 

F i g u r e  4. Concept 2. - Bonded 
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Figure  6 .   Var iat ion  of  Minimum Panel W.eight with  Pressure and Heat  Flux 

for  Three  Conceptual  Designs.  Hydrogen  Outlet  Temperature = 
1600'R (889'K); Recovery  Temperature = m; 2 - f t  by 2 - f t  
(0.61-111 by 0.61-m) Panels 
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Figure 7. Var ia t ion   o f  Minimum Panel  Weight with  Pressure and Coolant  Outlet 
Temperature f o r  Three  Conceptual  Designs.  Heat  Flux = IO Btu/sec-f t2 
( I  14 kW/m2); Recovery  Temperature = a; 2 - f t  by 2 - f t  (0.61-m by 0.61-m) 
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Coolant  outlet  temperature, 

O R  ( O K )  (typical) 

Figure  8. V a r i a t i o n  of Minimum Panel  Weight  with  Pressure and, Coolant  Outlet 
Temperature  for  Three  Conceptual  Designs.  Heat  Flux = 50 Btu/sec- 
f t f  (568 kW/m2); Recovery Temperature = -; 2 - f t  by 2 - f t  (0.61-m by 
0.6 I-m) Panel s 
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a. Configuration  weight vs outlet  temperature 

Temperature, O R  (OK) 

b. Hydrogen flow rate vs outlet  temperature 

F i g u r e  IO.  Configuration  Weight  and  Coolant Flow R a t e   f o r  
Various Bonded Concepts.  External  Pressure 
Loading = 100 psi  (689  kN/m2),  Nominal  Heat 
F 1 ux = 250 B tu/sec-f  t ( 2840 kW/m' ) ; Recovery 
Temperature = 5000'R ( 2780°K), 2 - f t  by 2 - f t  
( . 6 l - m  by .61 -m)  Panel .  
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S t r u c t u r e  with h y d r o g e n  flow 

a. S i n g l e - l a y e r   c o m b i n e d   s t r u c t u r e   a n d   h y d r o g e n   p a s s a g e s  

S t r u c t u r e  

b. H e t a l   l u r g i c a l l y   b o n d e d   t h e r m a l   p r o t e c t i o n  

P r o t e c t i v e   S u p e r a l l o y   o r   C o a t e d   R e f r a c t o r y  Alloy S h e e t  

\ H e d t   e x c h a n a e r  I 

H e a t   e x c h a n g e r  

S t r u c t u r e  

c. H u l t i l a y e r e d   i n s u l a t i o n   a n d   h e a t   e x c h a n g e r  ( 2  l a y e r s   s h o w )  

I H e a t   e x c h a n a e r  

L"" A t t a c h m e n t  

\ 
.- ~ S e c o n d a r y   h e a t   e x c h a n g e r  c 

I S t r u c t u r e  

d. M e c h a n i c a l l y   a t t a c h e d   t h e r m 1   p r o t e c t i o n   w i t h   s e c o n d a r y  
heat e x c h a n g e r   m e t a l l u r g i c a l l y   b a n d e d   t o   p r i m   s t r u c t u r e  

Figure I I .  Composite Panel  Elements 
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Refractory  alloy or superalloy sheet 
Attachment7 

Hydrogen 

Structure 

a .  Sheet  metal  covered insulation 

Refractory  alloy o r  superalloy  sheet 

I 

Hydrogen I, 

Structure 

b .  Sheet metal shingle  array 

Refractory  alloy  or  superalloy  sheet 

Hydrogen I 

Structure 

c .  P i n - f i n  insulation 

F i g u r e  12. Insulation 
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a. Rectangular-offset 

b. Pin 

c. Wavy 

d.  Tr i angu 1 ar-of  f set 

Figure 14. Fin  Geometr ies  for   Increasing 
Hydrogen Thermal Conductance 
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a .  F l a t  r e c t a n g u l a r  

h. F l a t  t ape red  

c .  Se ln icy l   indr ica l  

F i g u r e  15. M a n i f o l d   C o n f i g u r a t i o n s  
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a .  A d j a c e n t   i n l e t   a n d  out le t  n l a n i f o l d s  

b .  Conrnlon i n l e t  and out l e t s  
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a. M u l t i p l e  flow r a t e s  

Panel d e p t h   d i r e c t i o n  

L"7 

b.  Folded i n  depth 
Panel width  d i  r e t . t i o n  U 

L" 
4 

.I 

Figure  17. Flow Routlng Concepts for Increased Cooling Efflclency 
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Figure 18. Coolant Flow Routing Coniparison for Equal 
Coolant  Inlet and Outlet Temperature 
[TR = 3000'R (1670'K), Nominal Heat Flux = IO  

Btu/sec-ft2 ( I  14 kW/m2)] 
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Notes: 

o Numbers beside  curves  are  heat  flux,  Btu/sec-ft2(kW/m2) 
o Coolant  outlet  temperature, 1600'R (889'K) 
o Panel  diqensions  are 2 by 2 f t  (0.61 by 0.61 m )  n 

n I I I I - 
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p s i  
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Normal pressure,  kN/m' - 

Figure 19. Concepts I and 2 Weights vs Applied  Normal Pressure 
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Sol  id  1 ines,   concept I 
0 Dotted  l ines ,   concept 2 

0 q/A, 10 Btu/ sec - f t2  ( I  14 kW/m2) 
Coolant   out le t   temperature ,  1600°R (889'K) 

0 Numbers b e s i d e   c u r v e s   a r e  fin conduct iv i ty ,  

Panel  dimensions  are 2 f t  by 2 f t (0 .61  by 0.61m 

Btu/hr-ft-OR (W/m-OK) 
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p s i  
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0 I do 260 3t)O 600 

I 
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I ~ ~~ ~ r ~~7- 

Pressure, kN/mZ 

Figure 20. Concepts I and 2 Weight vs Applied Normal 
Pressure for  Two Fin Conductivities 



Solid  l ines concept 2 
Dotted  l ines concept I I 
Number beside  curves  are  heat 
f 1 ux, Btuhec-f  t2 ( kW/m2) 
Panel length = 2 f t .  (0.61111) / 

I I 0 

I I I 
00( 778) I500( 833) I600( 889) I 700( 944) 1 ,  
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”” 

I O( 1000) 1900( 1060) 

Coolant out le t  temperature, O R  (OK) 

Figure  21. Concepts I and 2 Weights vs Coolant Outlet   Temperature 
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Figure 22. Concept 2 Weight vs Beam Span for Three Coolant  Outlet 
Tenperatures and Loading  Conditions of 250 Btu/sec-ft' 
(2840 kW/m2) Neat Flux and 100 p s i  (689  kN/m') Pressure 
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Figure 23. Concept 2 Weight vs Pressure 
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Panel  width, 2 f t  (0.611~1) 

50 IO0 I50 2 0 0   2 5 0  
p s i  

I 
0 

- 1  
500 IO00 

1 

Normal pressure,  kN/m2 

I500 
1 

F igure  24.  Comparison of  Concepts 2 and 3 Weights vs  Pressure 
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F i g u r e  25. Concepts 2 and 3 Weight vs Coolant 
Out let   Temperature 

145 



4 . 5  

N 

v- 
CI 

I u 
0)  < 4 . 0  
.p 

3.5 

3.0 

14 
L 
00 

1 I 1 I I I 
I500 I600 I700 I800 I900 

O R  

800 
I I I 

Coolant  outlet  temperature, K 
900 I oooo 

I 
I 100 

Figure 26. Concept 2 Coolant  Flow  Rate vs Coolant 
Outlet   Temperature  at  250 Btu/sec-ft  
( 2 8 4 0  kW/m2) 

146 



in .  

I 

.I 
I 

. 2  

F i n  helght, cm 

I 

. 3  

Figure 27. Concept 2 Coolant  Savings  vs  Heat  Exchanger Fin  Height 
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R e f e r e n c e   c o o l a n t   f l o w   r a t e  = 0.04025 l b  
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Minurnum Weight   Structure  as a Funct ion of  F i n  Height, 
TCO = 1600'R (889'K >, q / A  = 250 B t u / s e c - f t z  (2840 kW/m*) 

= 5000'R (2780'K) 
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I 

o AII gaps closed in   opera t ion ,  
o All panels  joined  together (no gap) 
o Phantom l i n e s   i n d i c a t e  expanded panel  surfaces 

Support polnt to 

- A i  r f  icu 

Figure 30. Conffguration 2, Free  Radial  Expans ion of Jo ined  Panels 







a i r c r a f t  structure 
Support points to 

( t y p i c a l )  7 atart'-up 
c q  a t  

b. Tapered  panels 

Figure 33. Configuration 5, Single  Panels 
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Air f low - 

a .  Panel seal  and beam details 
H i n l e t  

Figure  34.  Configuration  3a 
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A,' and s t ruc tura l   suppor t  
, P l a t e   f i n   f o r   d i s t r i b u t i o n  

. - P l a t e   f i n   f o r   s t r u c t u r a l   s u p p o r t  

, b  . - I ~ e r ~ : a [ ~ '  7 - P e r f o r a t i o n s  in  manifold  face  sheet  

Figure 35. Configuration  3a,  Alternate  Manifolding  Arrangements 



r-Longitudinal seal r Perpendicular seal 

Longitudinal seal 

Perpendicular seal 

Section A-A Section 8-8 Sect  ion C- C 

Gasket 

Sect  ion E-E 

a. Sejl  concept 

Figure 36. Configuration 3a, A l t e r n a t e  Seal in9 and Instal l a t  ~ C I I ~  

Concept 
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Note:  Panel insta l   led  
from  topside 
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Dual tool,  a l  ign  bracket t: 
on a i r c r a f t   s t r u c t u r e  - 
a l i g n  beam on panels 

I? - - 
\ 

\ L " .  
\ 

\ 

L " " / 

b. Ins ta l  Iat ion 

F i gu re 36. Conc 1 uded 



24 in. 

.Airflow, 

D i  rect   ion o f  panel expens ion 

k x  ~ 

F ixed  point  
(pane l   to  beam) 

__"- ~ " - 
" * ------"" -- " -""/- 

Tapered  panel 

These s t   r l p s  
ri g i   d l  y connected 
t o  t ransverse 
s t r i p s   a s   I n  
sect ion B-B 
l ( f i g u r e  38) 

These s t r i p s  
f r e e  and 
continuous far 
l e n g t h   o f  
assembled panel 

Section A-A 
Long i tud ina l   sea l   s t r ips  

i 
I 

+! E panel 

/ .Gasket 
"\ 

c H2 
out 

Sectlon C-C Sectiob D-D 
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I -beam 
support  

Pane 1 s t r o n g  

' Exi s t  i ng  cont inuous 
suppor t   s t ruc tu re  

a. Case I .  - Panel c o n f i g u r a t i o n  

Pane 1 s t r o n g  
d i r e c t   i o n  

t x I  SI: I ng 
support  s 

cont i nuous 
t r u c t u   r e  

b .  Case I I .  - Panel  and  I-beam  combination 

F igure  42. Structural   Arrangements 

165 



/Pane 1 s t rong 
d i r e c t i o n  

' b  

Pr imary 
I -beam 
spac i ng 

Exist ing  cont inuous 
d = Spacing of secondary  I-beams  support  structure 

F jgure  4 3 .  Case 111.-Panel  and  Two-Dimensional  I-Beam  Array 

166 



I .2 

1 .c 

.0 

5 
.- E .6 
c, 
n 
0 

cz1 

. 4  

. 2  

( 

I 1 I 1 I I I I 

. .  

I I I I I 
1 0 0  200 300 400 500 600 700 800 900 1000 

p s i  

b I I I I I I 

IO00 2000 3000 4000 5000 6000 

Pressure, p, kN/rn2 



I . 2  

I .  I 

I . o  

9 

. R  

. ?  

. c  

. 5  

- " -,"" - - -.I, - - 

\ 

Pane 1 

o n e   d i   r e c t   i o n  

two d i  r e c l i o n s  

Case I 1  Panel   and  I -beams  in  

Case I11 Panel  and  I-beams i n -  

R ,  Case I 

. -  

" 
" 

m. ' I - - /  I 

~ 

Cbm = 0.000254 i n . 4 / 3 / l b 2 / 3  
(7.02 x 1 0 - 7 m 4 / 3 / N 2 / 3 )  

- - .C  = 0.00121 i n . / l b ' / '  
( 0 .  I 4 6  x 1 0 - 5 m / N ' ' 2 )  

- 

= a /d  I 

---t--"- Ii " 
0 100 2 00 300 LOO 500 600  700 aoo 

p s i  

I 

c. 
I 

1000 2000 3000 4000 5000 

Pressure,  p, kN/m2 

30 

16 

!2 

a 

5 
E 

4 .- 
Y 
Q 
0 z 

0 

) 

> 

1 

I - 5  

- 4  5 
-3 .; 

- 2  2 

E 

L1 
0 

\ 
U 

- I  - 
- 0  

F i g u r e  45 .  Compara t ive  Panel Weights f o r  Cases I ,  11, and I11 

168 



star t  

See input l i l t ,  
tab le  170. 

I- 

I 

1 
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Input  data + Beam  spacing +-Bending design  Pressure  des ign Beam  des lgn 

Inputs: 

1 restriction 
pressure,  gage 
beam span, normal 

m max. metal temp. 
bending moment, (c/a) optimum- - Materials 
Calculate Calculate 

m 2 740 Ib-in/in  Yes 
(3290 N-m/m) ”---) 

Optlmum  panel - 
design 

Increase t 

1 

m 2 262 Ib-in/in Yes, p a n e l  - Mod. opt. 

Panel  inputs  used (I I70 N - d m )  
NO t 

des I gn f 

(r = 130,000 psi (896 000 kN/m‘) 
E = 25 x I O 6  psi (172 x lo6- kN/m‘) 
Safety  factor = 1.5 

m 2 166 Ib-in/in Minimum  fin  thickness = 0.003 in. (0.0076 cm) 

d 
yes Variable  ht 

Hinlmum faceplate  thickness = 0.010 In. (0.0254 cm) 
tiinlmum fin  height = 0.075 in. (0.191 cm) 

YbmCbm = 0.000075 Ib l/’/in.”’ (0.00573 kg/rns/’N2/’) ‘I 

Y C = 0.000363 lb’/*/in: (0.121 kg/m‘N’/‘) m = 166 Ib-in/in -Const* weight- 

- 
Check 

Y ’ No Beam opt. Yes shear - 
__C design - 

capability 

(738 N - d m )  
- 

design 
- 

Set 

(738 N-m/m) welght desi  gn Pl PI 
Total 

Figure 67. Structural Design Flow Diagram 
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b. Seal  schematic 

+ + + + + + + + + + + + + +  P 

I 
A 

c .  Seal  loading  and  support  diagram 

Figure 73. Panel  Seal  Design 
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At tachment  bolts- 
Panel lower sheet 

a .  Overall view 

I 

b. C l i p   d e t a i l  

Figure 74. Attachment C l i p  Design 
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Figure  75. Spacer Beam Design  Concept 
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